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This study was authorized by the U.S. Army Engineer Division, Pacific Ocean
(POD), and was conducted by personnel of the Coastal and Hydraulics Laboratory
(CHL) of the U.S. Army Engineer Waterways Experiment Station (WES). The
study was conducted during the period January 1994 through July 1995, and in-
cluded a wave hindcast study, field wave measurements, and physical and numerical
modeling. Ms. Helen Stupplebeen, Mr. Stanley Boc, and Mr. Pat Tom, all of POD,
and Mr. Fred Nunes, State of Hawaii, oversaw progress of the study.
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island’s inhabitants come through this harbor. The harbor is semicircular in shape

of the harbor and is protected by a 76-m- (250-ft-) long breakwater. The rubble-

mound breakwater has been damaged by past hurricanes and provides minimal
shelter to the wharf area.

Four interrelated aspects of the study were conducted by WES; (a) review of

wave hindcast data, (b) field wave gauging, (c¢) numerical model simulations, and
(d) physical model studies.

Project Goals and Restrictions
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Kaumalapau, the vessel has already started to make its turn toward the wharf by the
time it reaches the harbor breakwater and thus the standard convention for channel
width is not applicable. The pilots stated that the harbor is so small and there is
little room inside the harbor to turn so that no protective structure should encroach
on the navigation channel. This criteria eliminated most protective structures,
except for an extension to the existing breakwater of approximately 46 m (150 ft).

POD wanted to improve wave conditions at Kaumalapau Harbor so that the
harbor’s use would not be limited by wave conditions. The established project goal
with end-user input, was to decrease the incident wave height of 4.6 m (15 ft) to
1.5 m (5 ft) at the wharf.

vii



Wave Climate
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impact on wave generation in the open ocean. In addition to hindca
measured wind and wave data at three nondirectional National Oceanic and A
spheric Administration (NOAA) buoys south and southwest of Kaumalapau were
analyzed.

WIS data and NOAA buoys were located a sufficient distance from Kaumalapau
Harbor so that wave data at the site were needed to calibrate the numerical model.
Validation of a harbor model involves driving the model with measured input data,
and comparing the model's output to measured response at one or more sites within
the harbor. Two wave gauges were required based on preliminary resuits from the
numerical model HARBD and logistic constraints. Data from the fieid measure-
adjust variables used in the numerical model, thus providing a
ated and valida el

P |
modaci.

The numerical model studies had four main objectives: (a) assist in optimizing
placement of field wave gauges; (b) validate the model with field data; (c) maximize
efficiency of physical model experiments by identifying most damaging incident
wave directions and most promising harbor modification plans; and (d) evaluate
harbor resonance characteristics of the final WES-recommended plan relative to the
existing harbor.
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Harbor, WES's numerical
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HARBD's principal output consists of an amplification factor and phase.
Amplification factors are easily interpreted and predict those wave periods that
cause oscillation or tilting of the free surface which in turn make mooring of vessels
difficult. Phase information is useful in long wave studies for determining relative
phase differences within the harbor and interpreting harbor oscillation patterns and
which mooring locations to avoid.



HARBD studies were conducted to compare the existing and recommended
harbor plan as well as evaluating alternative designs for wind waves (6-22 sec)
and long-period waves (23-500 sec). The harbor response to long-period waves
was simulated to identify resonant nodes of free surface oscillation. Compared to
the existing pian, resonant nodes at several iocations aiong the wharf for the
recommended plan show fewer, but generally higher, oscillations of the free
surface. The model revealed that the shorter wind waves :

sphaef aean £am tha wnsnoverea AnA mlnem 2:a Anzemsen I~ ooy ~n 43~
1 alCd 1UI UiC ICLULIIICIICG plall 111 COLlIpal 1dUIL ul CAdULE COLIMIUUILLS,

An undistorted, three-dimensional physical model of Kaumalapau Harbor was
constructed to further evaluate harbor response to short-period waves for existing
conditions and two alternative harbor layout configurations for three incident wave
directions. Once the recommended configuration was defined, physical model
experiments were conducted to optimize breakwater stability.

Wave response at the pier area was analyzed for three breakwater configura-
tions. Existing breakwater conditions were evaluated first to provide a baseline
amntmat sahiak dhin aTan i dlion amafl i andlaa Al d lan Aeenien s A Mha caannad
dgdllidbt WIIICIL UIC dllclllduve COLLIZUL4dUUID COUIU DO CULIIPAICU. 11T d>olulu
heraolsrratar annfimiratinn atidiad o tha mea Ilesicnana Taa heaalbwontas lanagth AF
ULCAARAWAlICL bUlllls LAUUILI DLULLICU wad UuIc plc-n L1ivaliC Lwa ULlCaAwalll 1Ciiul vl
177 m whirh avtandc tn the adoa Af tha navigatinn channal fan additinnal S0 m
A bk lll, YVilivil VAWIINID W Uiy \/\-lé\/ Ui uiv i1ayv lsauuu vilQiilinvg \au auuilIuuvLal JV 1l
past existing conditions). The last alternative studied is also the preferred plan
and was termed the dogleg breakwater. The last 15 m of the breakwater center
line is aligned 30 deg toward the inside of the harbor as measured from the

center line of the straight breakwater.

Of the alternatives studied and compared to existing conditions, the dogleg
breakwater provides better attenuation of short-period wave energy. The largest
waves outside the harbor that will meet the 1.5-m (5-ft) criterion along the wharf
for the existing, straight, and dogleg breakwaters (for waves from 221 and
251 deg measured clockwise from TN) are 2.0, 2.1, and 2.3 m (6.5, 7.0, and
7.6 ft), respectively, when averaged over the two directions and numerous wave
heights and periods. This does not meet the original design criteria established by
the state, but these breakwaters do meet the criteria established by the end users.
Further wave reduction could be met, but the breakwater wouid not meet the
navigational criteria and economic constraints.
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its often are required for breakwater stability on the head (seaward
end) of the structure.

The design wave was specified in a reconnaissance report as a 9.8-sec, 8.5-m
(27.9-ft) deepwater wave (U.S. Army Engineer District, Honolulu 1993) based
upon the “worst case” hurricane passing the island. To determine a factor of
safety for the structure, wave heights exceeding the design height were generated



for 9.8- and 12-sec periods. Wave heights associated with 16-sec periods from
the 221- and 251-deg directions are smaller in magnitude (limitations of the wave
machine); therefore, only heights up to H, = 8.5 m were generated for 16-sec
waves. All wave conditions were reproduced at a storm surge water level of
+1.52 m (4.98 ft) mean lower low water and a duration of 24 hr.
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exceeding the design condition.



1 Introduction’
Background
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At the request of the U.S. Army Corps of Engineers, Pacific Ocean Division
4578 SR S o A o Tt P e em meccaa maad Qa1 /Y oAy ~ed
(POD), the U.S. Army Engineer Waterways Experiment Station's (WES) Coastal
and Tl dvniilina T alhmeatnms narmad ~iib o sracra racmanas cbisdor far P aimalamas
I rlyul AULICS LADLIAIOLY LalllCu DUL a4 wWave 105PUILINE SLUUY 101 Daullidiapau
Harbor, Lanai, Hawaii. Kaumalapau Harbor, Lanai's main commercial harbor, is
being studied for development. It is protected from the open ocean by a single
rubble-mound breakwater

The breakwater, particularly the seaward end, has suffered damage from
previous storms. Most recent damage was caused by Hurricane Iniki and winter
storm waves in February 1993. In its present configuration, the most seaward
22.9 m (75 ft) of breakwater length has been reduced to a submerged mound. The
mound extends south and slightly seaward from the existing breakwater head. The
shallowest depth over the submerged breakwater head is approximately 3.6 m
(12 ft).

There is concern that the existing breakwater does not provide adequate protec-
tion of the harbor from approaching ocean waves. Wave action in the vicinity of the
main dock is the primary concern. Difficult wave conditions are reported to occur
during the winter season, particularly during high energy swell from the north.

Study Location

Kaumalapau Harbor is located in a small embayment along the south central part
of the west coast of the island of Lanai (Figure 1). The general exposure is to the
west. The northwest lobe of Lanai shelters the site from the north and north-
northwest. The entrance to Kaumalapau Harbor is formed by a rocky point on the
south side and the main Kaumalapau breakwater on the north side (Figure 2).
Navigation lights are located on the breakwater tip and the point south of the harbor.

'Written by Edward F. Thompson, Lori L. Hadley, and Gordon S. Harkins.
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(250 ft) long with a crest elevation of about 3.0 m (10 ft). Commercial operations
occur along a single 121.9-m (400-ft) wharf in the lee of the breakwater. The wharf
is concrete atop a rock base. The wharf face is concrete down to about the waterline
and pile supported under water. Behind the piles is a nearly vertical rock face.

Kaumalapau Harbor is Lanai's main commercial harbor. Lanai's second harbor
of note is a small boat harbor at Manele Bay, on the southeast coast. Primary
cargos at Kaumalapau have traditionally been outbound pineapples and inbound
supplies needed for people and operations involved in pineapple farming. Pineapple
farming on Lanai has virtually ended, and facilities for recreation and tourism are
developing. Kaumalapau Harbor will continue to be the critical sea link between
Lanai's residents and visitors and the rest of the world.

Most of the shoreline of Kaumalapau Harbor consists of rocky cliffs. Water
depth over the harbor is generally between 6.1 and 15.2 m (20 and 50 ft). A stream

c
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Figure 2. Kaumalapau Harbor

Harbor Operational Considerations
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encroach into the existing navigation channel. Kaumalapau is unique in that the
embayment is very narrow. The distance from t ft)

e \

existing breakwater is approximately 150 m (500 ft). The navigation channel is
indicated by the navigation buoys shown in Figure 2.

The largest vessel calling at Kaumalapau Harbor is a fuel barge with a length of
83 m (272 ft), a beam width of 23 m (76 ft), and a draft of 5.3 m (17.4 ft). The fuel

Introduction



barge is accompanied by two tugs, which are 30.5 m (100 ft) in length. The tugs
operate on the same side of the barge and the combined width of the three vessels is
approximately 30.5 m (100 ft).

PORY

ft) long, with a beam of 18 m
: < ~

18 Ko B R

(58 ft), and a draft of 4 m (13 ft). Sause
barge requires smaller wave conditions than the

Container barges call on the harbor on a regular basis. These vessels are 69 m
(226 fi

Chapter 1 Introduction



2 Wave Climate’

A large-scale physical model of the harbor was constructed by WES to opti-
mize needed modifications to the existing harbor. Wave conditions required to
drive the model were requested from the Wave Information Study (WIS).
Measured wind and wave data at three nondirectional National Oceanic and
Atmospheric Administration (NOAA) buoys south and southwest of Kaumalapau
were analyzed to supplement WIS data.

Statistical products (percent occurrence tables and wave rose diagrams)
describing hindcast results at WIS stations 34 and 35 were extracted from the WIS
Pacific Phase I final report (1986), and guidance for the use of the products was
provided. A similar statistical analysis was performed with measured data from
NOAA buoys 51002, 51003, and 51005 (Figure 3). Because these buoys do not
measure wave direction, recorded wind direction data were used to estimate wave
direction.

Results from two Pacific Phase I hindcast stations indicated that, for the
20 years hindcast, the mean wave height is near 2.5 m (8.2 ft). The largest
significant wave height is 6.7 m (22.0 ft), and the mean peak period is 9.2 sec. A
total of 58,440 cases were analyzed, and 99 percent of the waves came from the
north-northwest through north to north-northeast, meaning that only 1 percent or
less came from directions that would affect Kaumalapau. This result is explained
by the shape of the WIS Pacific Phase I grid, which allows only a small amount of
energy from the south and west of Hawaii to come into the hindcast grid.
Analysis of measurements from three nondirectional NOAA buoys near Hawaii
supplements WIS hindcast data. Occurrence of waves from south and west of
Kaumalapau is estimated using observations from a wind direction window (180-
to 315-deg azimuth). Occurrences of total observations for buoys 51002, 51003,
and 51005 from that window are 1.6, 3.7, and 7.0 percent, respectively. Summer
swell (only 0.1 or 0.2 percent of total observations) is isolated by limiting the
occurrences to April through September and wave period to 12.5 sec or more.
Total wave observations are classified by height and period, as is swell for all
seasons and summer swell for all directions. Wave height maximums are 6.2 m
(20.3 ft) for buoy 51002, 6.8 m (22.3 ft) for buoy 51003, and 5.4 m (17.7 ft) for
buoy 51005 for the individual period of record.

Written by Jane B. Payne and John M. Hubertz.
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Planning
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model w1th measured in data. and comnarmg the model's output to the measured
response at one or more sxtes within the harbor. Planning the measurement program
requires specifying the location, duration, and type of data collected. Ideally,
incident measurements coincide with the outer boundary of the model, and there are
sufficient interior measurements to define the spatial variability within the harbor.
It is desirable to continue measurements long enough to obtain a broad range of
incident conditions - up to or exceeding design conditions. Finally, the types of data
(wave energy, wave direction, currents, etc.) and the range of frequencies measured
will equal or exceed the requirements of the model. Practically, fiscal, logistic, or
schedule Iimits will constrain the measurement pian.

A minimum of two sites was requ1rea one for incident COﬂ(ll[lOﬂS and one for

[ T TP A
naroor response Jav gauge placement was DaSCCl on preummary (uncauoratea)
it Fomaan TTADITY ~an 31t acdnnde Dy oaabl b a1 1 o .1
ICSUILS LI DIARDLS dllU I0ZISUC COISUAls. DO UIC UL Tical 4 pnysicdl
mmndala inaliiAa wrntar laval snmaidant sunga anangrr feaninmay amd dicnntinm o 3
NOGCIS HICIUGE Watll' 1SV, iNCiaciit wave Cinergy, irequeindy, ana aircCiion as input,
and the nreliminary ARRI recnilte chawed the harhar reannanes wag eengitive tna
Griiv uav lJl Vllllllllﬂl)’ A10NENLILYZ IWOUILD DLIVVYLAL UV LAl vl IUDPUIIBU YWAD DVIDIULY Y W
inn;dpnt wave dlrection The avai]ab e Uudm:f onlv nermitted installation of non-
meuaent w Ir 0on. 1l 11401 £ Oy pormittcG 111sianaiion o1 non
directional wave ganges. Funds from other nroerams were anticinated to sunnort a
aireclionatl wave gauges. 'Uunas irom oiner programs were anticlpatca to support a
directional wave gauge in deep water, west of Lanai, at some point during the study

While depths at outer boundaries of the models ranged from about 29 to 45.7 m
(95.1 to 150 ft) mean lower low water (mllw), instrumental (pressure attenuation
factor) and installation (divers' bottom times) constraints limited gauge depths to a
maximum of about 21 m. A site between the toe of the breakwater head and the
entrance channel met the depth constraint and provided some protection from the

'Written by David D. McGehee.
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risk of damage from tow bridles. However, measurements at this site will contain
some reflected energy; in fact, the HARBD results showed the entire model domain
was affected by reflected energy from the 'breakwater and/or the interior of the
narbor Because of the steep shoreline, an "incident only" wave measurement would

-
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Potential damage from large waves, vessel traffic, and vandalism made bottom-
mounted pressure sensors the best sensor choice. Oscillating quartz transducers
(ParosScientific) were used in PVC pressure housings. The transducers were
sampied at i Hz w'nic'n is sufﬁcien‘t to permit measurement of wind-wave energy up
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event of loss of the telemetry link. The telemetry link included a double-armored ,
0.01-m-diam electro-mechanical cable from the transducer to a WES-designed
Remote Terminal Unit (RTU), and a modem (Hayes Smart-modem 1200) connected
to a commercial telephone line. Data were retrieved daily through automatic dial-up
and connection by the mainframe computer at WES. The RTU contained a 256-Kb
buffer to hold data for short-duration (3 days) interruptions in the recovery. In the
event of longer-term failure of the telemetry link, a 12-Mb multi-channel data logger
(Woods Hole Instruments) was located onshore. The RTU and sensors were nor-
mally powered by 110-V AC shore power. An independent battery pack would
operate the sensors and data logger (but not the RTU and modem) for 6 months in
the event of power loss.

instailation

The system was installed during 10 through 13 January 1994. The incident
gauge (HIO1) was clamped about 0.3 m (1 ft) off the bottom onto a 0.05-m- (0.17-
ft)-diam pipe pile that had been jetted 3 m into the sand bottom in approximately
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21 m (68.9 ft) of water.! The gauge was positioned by divers relative to the toe of
the southernmost extent of the breakwater head (range - 24.4 m (80 ft); bearing -
30 deg) and the mooring weight of channel buoy number 1 (range - 30.5 m (100 ft);

bearing - 70 deg). The interior gauge (I wz) was clamped at the outer face of the

1 Y ol ‘1 AT ~ ~ SN IS Kol BV VA l‘ m
wharf to pile No. 23, or 36.9 m (121 ft) east from the west end of the wharf. The
st Aanal L O 4 Lal L __ L __ 4 A /Y O\ bl e A
WALCT ACpin 11 Iromnt OI ne widrl was aobout 0.4 m (<41 It), ald Uic uwdainsauccr w
wlnmnd alhnesd 1 & e FA O FO Alencrn ¢l L cdbncan MMenecen AN
plactcu avuul 1.0 H1{(%#.7 1) dUDOVC UIC DOV \T1ZUWC %)

T = grmnrnr‘ I\ﬁ‘\‘ ar‘nnnrc 1L7AarD ﬂﬂl’l=ﬂ‘ﬂl‘hll I’\‘Y AI\VAI’O a
111V Aai11ivivie vaui DUUVWVIO VYl v LIALIWE ylu\.«vu v MivYwio Al
toe of the breakwater t to the outer row of pilings, specific
avoid disturbance by ns. The cable is suffici dense
to self-scour several mch s into a sand bottom after a few hours. Both cables exite

the water at the eastern arf. As protection against topside operations,
the cables were cncased in 0.05-m— (0.17-ft-) diameter schedule 40 galvanized pipe
conduit from below the waterline, across the wharf , up the vertical rock cliff at the
east end of the harbor, and across the top of the cliff into an existing compres-
sor/utility building (Figure 4). The RTU and other electronics were mounted inside
this building in a weatherproof enclosure. Power and telephone connections were
made at the building.

Results

to HIOI was cut during harbor operations by a barge mooring weight. The system
was diagnosed and HI02 brought back on line on 8 April; the cable to HIO1 was
repaired on 28 April. The system operated essentially without interruption through
September. Additional funds for continued operation were unavailable, so the
gauges were placed in an inactive mode - data were collected, but not analyzed; no
data quality assurance was conducted, and no system maintenance was performed.
The system ceased operation on 8 December 1994,

Summaries of significant wave height and peak period are provided as monthiy
plots in Appendix A (Figures A1 through A18). Energy spectra and reduced wave
parameters from each observation are saved in a database and are availabie to POD

AT Q

and WES researchers upon request.

A ditinmg syara nat varm: anargatia avar tha anreca Af tha atirdyy Tha meaan
vy ave COGitiocns weid notl very encrgetic over tnc CoUrse o1 uiC Study. 1n¢ mcain
incident wave haioght wac N S m (1 & 1Y The larosct wave neonrrad in Tanuary wnth
ALIVIVLILIL VYUY W ll\«lsllb YYUD V.o ik \l.\l ‘.l«}. 4 UV 1AL V0L YWUAYY VbblIVU Ll Jaktual y, yviul
aheicht of 1 5 m (4 9 ft) and a neak neriod of 151 gec ables 1 throuoh 4
aneightol lom4a i) angd apeakperiogof 10,1 seC. 1anies 1 through 4
summarize the data from the two gauges. The deepwater directional wave gauge,

1Though mean depths can be obtained from the pressure signals, accurate depth data require
correctlon of the measurements with atmospheric pressure data. AdJustment of the depth
. P R T PR\, SIS S FPULINE § SUPLIN

n datum, such as mllw or National Geodetic Vertical Datum invoives
1 rements. This report does not include water dent
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mformatlon
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20.45 deg N, 157.13 deg W on 6 December 1994, providing just 2 days of overlap
before the system ceased operation. The data logger for the harbor gauges has been
removed, but the remainder of the system is still in place.
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Figure 4. Location of prototype wave gauges
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Table 1
Field Wave Gauge HIO1 - Statistical Summary of Wave Parameters

Mean H,,, by Month - 1994

Jan Feb Mar Apr May Jun Jui Aug Sep Oct Nov Dec Mean

0.6 0.6 0.6 0.5 05 0.4 0.5 0.5 0.5 - - - 0.5
(2.0) | (2.0) (20) | (16) | (16) | (1.3) | (16) | (1.6) | (1.6) (1.6)

Highest H,,, by Month - 1994
m (ft)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

15 11 1.4 06 | 09 | 08 | 08 13 | 0
49 | 36) | 36) | 1.9 | 30) | 20) | (26) | 43) | (.

One-Year Statistics for Lanai, Hi (N

m
m
o
x
<D
2
B
D
-
(/4]

Mean H,,,, m (ft) 0.5 (1.6)
Mean T, sec 138
Standard deviation of H,,,, m (ft) 0.2 (0.5)
Standard deviation of T, sec 22
Highest H,,,,, m (ft) 1.5 (4.9)
T, associated with highest H,,,,, sec i5.14
Date of highest H_,, occurrence 94011704
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Table 2
Percent Occurrence as a Function of Peak Wave Period for Field Wave
Gauge HI01

Percent Occurrence (x1000) of Height and Period

Peak Period
secs

Height < 6.9- | 81- | 88- 9.6- 10.6- 11.8- 13.4- 15.4- | 18.2 Total
m (ft) 6.9 8.0 8.7 9.5 10.5 1.7 133 163 18.1 <

0.0-0.4 - | 747 | 448 | 1271 | 2767 | 6058 | 14136 | 17352 | 3365 | 2767 | 48911
(0.0-1.4)

05-0.9 - | 224 | 373 | 1047 | 3141 | 3964 | 13537 | 21316 | 3365 | 1869 | 48836
(1.53.1)

1.0-1.4 - - - 74 | 224 | 299 149 747 | 448 | 209 | 2240
(3.2-4.7)

1.5-1.9 - - - - - - - - - - 0
(4.7-6.4)

20-2.4 - - - - . - - - - - 0
(6.5-8.0)

2529 - - - - . - . . . . 0
(8.1-9.6)

3.0-3.4 - - - - - . - . . . 0
(9.7-11.3)

3.5-39 - - - - - - - - - - 0
(11.4-12.9)

40-4.4 - - - - - - - - - - 0
(13.0-14.6)

4549 - - - - - - - - - - 0
(14.7-16.2)

5.0+ - - - - - - - - - - 0
(16.3+)

Total 0 971 | 821 | 2392 | 6132 | 10321 | 27822 | 39415 | 7178 | 4935

Mean H,,,, m (ft) = 0.5 (1.6) Mean T, sec = 13.8

| Highest Hpo, m (/) = 1.5 (4.9) Total Cases = 1337
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Table 3
Field Wave Gauge HI02 - Statistical Summary of Wave Parameters

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Mean

04 05 0.4 0.4 0.4 04 0.4 05 05 - - - 0.4
13) | (16) | 13) | (13) | (13) | (13) | (1.3) | (16) | (1.6) (1.3)

Highest H,,, by Month - 1994
m (ft)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

1.4 i.0 0.8 0.6 0.8 0.6 0.8 i2 0.8 - - -

(36) | (33) | (26) | (20) | (26) | (20) | (26) | (39 | (20)
One-Year Statistics for Lanai, Hi (NEMO, Hi01) (20.79N 156.95W)

Mean H,,,, m (ft) 0.4(1.3)
Mean T, sec 14.8
Standard deviation of H,,,, m (ft) 0.1 (0.3)
Standard deviation of T, sec 24
Highest H__, m (ft) 1.2(3.9)
T, associated with highest H,,,, sec i1
Date of highest H_, occurrence 94082420
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Table 4
Percent Occurrence as a Function of Peak Wave Period for Field Wave
Gauge HI02

Percent Occurrence (x1000) of Height and Period

Peak Period
secs

Height < 6.9- 8.1- 8.8- 9.6- 10.6- | 11.8- 13.4- 15.4- 18.2 Total
m (ft) 6.9 8.0 8.7 9.5 10.5 1.7 133 15.3 18.1 <

0.0-04 | 207 - 69 | 1243 | 6772 | 7049 | 7740 | 27228 | 14858 | 10158 | 75324
(0.0-1.4)

0.5-0.9 . - - 483 | 1105 | 898 | 1658 | 8845 | 7947 | 3455 | 24391
(1.5-3.1)

1.0-1.4 - - - - 69 - - 69 69 69 276
(3.2-4.7)

15-1.9 - - . - . . . . . . 0
(4.7-6.4)

2.0-2.4 - . - . . - . . . . 0
(6.5-8.0)

2529 . . - - . - . . . . 0
(8.1-9.6)

3.0-3.4 - - - - - - - - - - 0
9.7
11.3)

35-39 - - - - - - . . . . 0
(1.4
12.9)

40-44 - - . . - - - - - - 0
(13.0-
14.6)

45-4.9 - - - . - - - - - - 0
(14.7-
16.2)

5.0+ - - - - - - - - - - 0
(16.3+)

Total 207 0 69 1726 | 7946 | 7947 | 9398 | 36142 | 22874 | 13682

Mean H,,,, m (ft) = 0.4 (1.3) Mean T, sec = 14.8

Highest H,., m (ft) = 1.2 (3.9) Total Cases = 1447
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Objectives and Approach
The numerical model study had four main objectives:
a Assist in optimizing the placement of field wave gauges
b. Validate the model with field data.
¢. Maximize efficiency of physical model experiments by dentlfvmg the most
promising harbor modlf cation plans and most damaging incident wave

directions.

d. Evaluate harbor oscillation characteristics of the final WES-recommended
plan relative to the existing harbor.

The first objective was met with a fast-track modeling effort which evaluated the
existing harbor response to both short waves (periods between 6 and 22 sec) and
long waves (periods between 23 and 500 sec). Once field gauges were in place and
operating, field records with relatively high wave energy were used for model
validation. Following vaiidation, nine aitemative harbor pians were defined and
mvesugatea Upon selection of the final harbor plan, harbor response to long waves

Ak

was reevaluaied, inciuding COm‘panSO‘rl with existir‘lg conditions.

b. No wave overtopping of structures.

c. Structure crest elevations above the water surface cannot be studied or
optimized.

'Written by Edward F. Thompson and Lori L. Hadley.
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d. Currents in the channel cannot be evaluated.

e. Wave breaking effects in the entrance and harbor cannot be considered.

J No nonlinear effects are considered.

The harbor wave response model is presented in the following section, including
a general description of the HARBD model and implementation of the model at
Kaumalapau Harbor. Validation was accomplished with eight high wave cases
selected from available field data. The final section of this chapter describes the
numerical simulation procedures and calculations.

As part of the simulation procedures, a suite of incident wave conditions must be
specified at the seaward boundary of the area covered by HARBD. Often the
incident short waves are determined by consideration of offshore wave climate and
wave transformation when propagating over nearshore bathymetry. This step was

. e .

PSPPI, 1 P
J 3
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not Iciudaea 1 e naumaidpau rnaroor stuay. insicad,

o 0Q

oundaries
1sed on a linearized mild slope equation. An

overview of the model and its applications is given by Thompson and Hadley
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n
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The HARBD model has been shown to perform satisfactorily in comparison to
analytic solutions and laboratory data for a variety of wind wave and swell cases
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(Houston 1981; Crawford and Chen 1988; Thompson, Chen, and Hadley 1996)
and long-wave cases (Chen 1986; Chen and Houston 1987; Houston 1981;
Thompson, Chen, and Hadley 1993). As a result, it has been used with confi-
dence in both long-wave and short-wave studies. Long-wave studies have
included harbor oscillations (Thompson and Hadley 1994b; Briggs et al. 1994;
Briggs, Lillycrop, and McGehee 1992; Mesa 1992; Sargent 1989; Weishar and
Aubrey 1986; Houston 1976) and tsunamis (Farrar and Houston 1982, Houston
and Garcia 1978, Houston 1978). Wind wave and swell studies include Thomp-
son and Hadley (1994a, 1994b); Lillycrop et al. (1993); Lillycrop and Boc
(1992); Lillycrop, Bratos, and Thompson (1990); Kaihatu, Lillycrop, and
Thompson (1989); Farrar and Chen (1987); Clausner and Abel (1986); and
Bottin, Sargent, and Mize (1985).

The HARBD model covers in detail a domain including the harbor and a
portion of the adjacent nearshore area (Figure 5). This domain is bounded by a
180-deg semicircle in the water region seaward of the harbor entrance (0A in
Figure 5) and the land-water interface along the shoreline and harbor (6C in
Figure 5). The region defined by these boundaries is denoted Region A. If
possible, the semicircle radius should be at least twice the wavelength of the
longest incident wave to be modeled (using a typical water depth within the
semicircle). Also, the semicircle should encompass any complex offshore
bathymetry which strongly influences waves entering the harbor. In general, the
semicircle should be as large as practical constraints on grid size and resolution
will allow.

The area outside the semicircle is treated as a semi-infinite region which
extends from a straight coastline seaward to infinity (Region B). This region is
assumed to have a constant water depth and no bottom friction.

Assuming linear, regular waves propagating over mild slope in arbitrary water
depth, Chen (1986) derived the governing equation as

2

Ve(hee, Vo) + wccgcb =0 (1)

where

horizontal gradient operator’
complex bottom friction factor
wave phase speed

wave group speed

velocity potential

angular frequency

It

&'Swf’“&ﬂ
It

This equation is identical to Berkhoff's (1972) equation except for addition of the
bottom friction factor 4. The factor 4, which is a complex number with magni-
tude greater than zero and less than or equal to one, is specified as

For convenience, symbols and abbreviations are listed in the notation (Appendix C).
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dimensionless bottom friction coefficient that can vary in space
incident wave amplitude

water depth

wave number

phase shift between stress and flow velocity

The bottom friction factor is a factor tending to reduce local velocities propor-
tionately through the relationships

_, 9
Uu=Ar—
ox

(3)
=g 9
B
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where

u,v = local horizontal velocity components
x,y = horizontal coordinates

Boundary conditions are specified in Regions 4 and B. At the solid boundary
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where
n = unit normal vector directed into the solid region

K, = reflection coefficient of the boundary

Values of K, for wind waves and swell are normally chosen based on the
boundary material and shape. General guidelines for X, can be assembied from
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The second boundary condition is imposed in the far region (Region B) at
infinity. It requires that the scattered wave, defined as the difference between the
total wave and incident wave, behave as a classical outgoing wave at infinity.

This radiation condition may be expressed as

lim r |/_8_ - iK\' ¢ =0
A (8)
\U’ l \v7

p-oo

‘
I

= radial polar coordinate

¢’ = velocity potential of the scattered wave
4

g

= partial differential symbol
The complete boundary value problem is specified by Equations 1, 4, and 6.
A hybrid element method is employed to solve the boundary value problem. A
conventional finite element grid is developed and solved in Region A. The
triangular elements allow detailed representation of harbor features and
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20

bathymetry within Region A. An analytical solution with unknown coefficients in
a Hankel function series is used to describe Region B. For a given grid, short
wave period simulations (relatively large values of ) require more terms than
long-period simulations to adequately represent the series. A variational principle
with a proper functional is established such that matching conditions are satisfied

a0 1w e nnoN

along dA. Details are given by Chen (1986) and Lillycrop and Thompson (1995).

Numariamrng ssmdle 4l o o L 1.1 L 2 32 nsn 4l Ln aloenind gima A qa;md 1anal
EXperience wiin theé modei nas inaicaiea tnat ine eieiment Size AX ana 10c¢ai
wavelenoth 7 chauld ha related by
waveiCligul L dlivuiu Ue 1oiailcu v
L
Ax < z (7)

Typically, harbor domains include some shallow areas in which many elements
would be needed to satisfy the constraint in Equation 7. In practice, Equation 7 is
at least satisfied in the harbor channel and basin depths. If additional elements
can be accomodated, it is generally preferred to extend the semicircle further
seaward rather than to greatly refine shallow harbor regions.

Input information for HARBD must be carefully assembled. In addition to
developing the finite element grid to suit HARBD requirements, a number of
parameters must be specified. Critical input parameters and ranges of typical
values are summarized in Tabie 5.

Table 5
Critical HARBD Input Parameters and Ranges of Typical Values

Typical Values

Parameter Where Specified

Short Waves Long Waves
Bottom friction, B Every element 0.0 0.0-0.1
Boundary reflection, K, Every element on solid boundary 0.0-1.0 1.0
Coastline reflection, K, .. | Single value 1.0 1.0
Depth in infinite region, Single value Between avg. & max. on semicircle
dla/
Number of terms in Single value 8 - 100’ 8

Hankel function series

'The number of terms needed increases as wavt

The principal output information available from HARBD consists of amplifica-
tion factor and phase at each node. These are defined as
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A., = amplification factor
aa, local and incident wave amplitudes
1
H H. =local and incident wave heights
» 24 hddetlianies haiettd v AAIpARS
6 = phase relative to the incident wave
r

Re{¢} = real;)art of ¢

Amplification factors are easily interpreted. Phases are helpful in viewing wind
wave and swell propagation characteristics and in interpreting standing wave
patterns. In long-wave applications, phases prove useful for determining relative
phase differences within the harbor, interpreting harbor oscillation patterns, and
identifying potentially troublesome nodal areas.

Spectrai adaptation

Often the model is used to approximate irregular wind wave and swell behavior,
as in physical model experiments with irregular waves and all field cases. More
realistic numerical model simulations can be obtained by linearly combining
HARBD results from a range of regular wave frequencies in the irregular wave
spectrum. Regular wave results are weighted to properly represent the desired
spectral distribution of energy. The concept of linear superposition of weighted
regular wave results also can be extended to include directional spreading in the
spectrum to be simulated.

Spectral adaptation of the HARBD model is done as a post-processing step
using the standard, regular wave output from the model. For a given incident wave
direction, HARBD is run for a number of wave periods spread between the shortest
period satisfying the grid resolution constraint of Equation 7 and the longest swell
period of interest.

Spectral post-processing is based on the assumption that a consistent spectral
form can be applied at every node. This major assumption provides the basis for a
workable, reasonabie spectral weighting which improves on the traditional regular

A TOYYT A /7Y

wave approach. The JONSWAP speciral form was chosen (Hasselmann et al.

1973). The JONSWARP spectrum is specified as (U.S. Army Corps of Engineers
1000\
1506%)
2
o s o g S a .:b
§¢) = ety (9
5
(Y\4 £
<) /i
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where

S¢)
The parameters a and b are given by the foliowing relationships
-1.25

= spectral energy density at frequency f;

S
1l
[

where
f » = peafc spectraf Eenoa 1
Jp = Ppeak spectral frequency = ra
Nz
Parameatoare v~ and 17 are calenlatad ag
1 aldiiivivio «w diiu v vaivuialtvua ao
2
a = 1579 €
Y = 6614 €"¥
(11)
\+2y
H,
€ =
AT
4 L
P
where
H, = significant wave height
L, =wavelength ior waves at peak frequency
Mha sancnmaabas ~ac o crrnmiflonnmt ssrnsa cbannmmace Tha mnensesntne ar anllad ¢lan sanals
1HC Paralicicr IS d SIZILICAIIL WAVE SLCUPLICSS. 1110 paldilicicl y, Ldlitu uiv pan
mhananmiant fantar aantrala tha charmnace Af tha gnactral naals
TIVCLLICIIL 1ALLUL, VULTU UL LI D1idi PHULDD UL UIv BIJUULI al puan.
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Although the JONSWAP spectrum was
developed primarily for actively growing

wind waves, it can be used to approximate Table 6
any single-peaked spectrum, including old Guidance for
swell which has travelied a great distance Choosing y
from the generation area, by appropri =
choice of ¥ (e.e. Goda 1985) (Table 6) Wave Condition Yy
cnoice o1 ¥ (€.g. bodaa 1765) (1aoic 6).
Growing sea 33
Spectral post-processing begins with old swell 810
enecification of the degired H 7 and v
specification of the desired H, T, and y
and the arrays of HARBD amplification
factors. A refined JONSWAP spectrum is
computed with 1,000 points, where the ;s in Equation 9 are

£, =05%,, f,=0502%,, f,=0504%,, .., frop=2.498%,

The number of wave periods computed with HARBD is always much smaller
than 1,000, typically less than 20. These periods, converted to frequency (reciprocal
of period), can be used to define bands in the JONSWAP spectrum. Bands are
bounded by the midpoints between HARBD computational frequencies. The
highest and lowest frequency bands are assumed to be centered on the highest and
lowest HARBD computational frequencies, respectively. A weighting factor for
each HARBD deﬁned band is computed by summing vaiues from the reﬁned

NS

1r

,,,,,,

Np
> S0
WK - I=NH (12)
&
> S6)

where
w, = weighting factor for £’th HARBD computational frequency

N,, = index of lowest JONSWAP frequency, f;, satisfying f, > ———
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The effective amplification factor at each node is computed as

\ - w A2 (£ (13)
Aomplegr  ~ \I 2o W AampVy) A
\

b
1
—

(A, ). =cffective , or spectral, amplification factor at a node
amp/ eff > i > r
Ap(f) = nodal amplification factor for HARBD computational frequency f;

NT = number f HARBD computational wave Denods

Finite element grids

The finite element numerical grid depicting existing conditions at Kaumalapau
Harbor was created using WES's finite element grid development software (Turner
and Baptista 1993) (Figure 6). The grid covers the entire Kaumalapau Harbor
embayment and extends somewhat seaward from the bay entrance. The land

boundary was dlgltlZed from a NOAA nauiical chart. Grid eiement size is based on

4l fa1 1_1

the criteria of six elemenis per wavelengm (tne minimum recommended resolution

it TTANDDMN o o £ cmn v sem o YT aaa D LB casndbnae Aaadls Thaietlic Acenee crisdzalle,
WIL MNARNDL) 101 d O-> wave lll da 4. /7=111 {Z=11) dLCL UCpUlL. LJCPUIS OVCL viiludily
tha antira ambhacsmant avanad D 7 O £ TAr tha lanagar narind waveaes tha arida
uliC CliuiiC CiTIoayIniCiit CCCO 4.7 M7 1y, r'Or uiC 1Giglr poritéa waves, ui grias
n;nn o ;ﬂ]’\ {Innf:.\p I\f l‘p(‘f\]!‘f‘l\ﬂ 7"1‘(] ~n nrnnfpr;cf;nc are CIImm!\ﬂ'IAA il’\
slv\d “ lllsll UVEIW Vi 1vouviuuivil, NI VI AV I0VIVYD UV OULLIIIRGM 1.0\ 11
Table 7.

The radius of the seaward semicircle is 303 m (995 ft). This is equivalent to 0.9

and 5.4 wavelengths for the longest and shortest short wave periods consndered as-
suming a representative water depth of 27.4 m (90 ft). The semicircle size and
location were chosen to include the breakwater, the large shoal north of the break-
water, and the point and shoal area south of the harbor entrance. The semicircle
extends sufficiently far seaward to cover the most important nearshore

bathymetry.

Bathymetric data were obtained from NOAA hydrographic chart 19351.
Digitized depths were transferred onto the finite element grid using the WES grid
software package. A contour plot of bathymetry is given in Figure 7.

Reflection coefficients K, are needed for ali solid boundaries. For the short wave
simulations, K, vaiues were estimated from existing Corps of Engineers guidance,
by Lominn o et aiba xrietd s VWIIQ mncammmal amd mact avimamanne Tha onlid
pﬂU 0OS 110111 4 ICCCIIL DILC VISIL DY YV LD pCl SOLLICL, dallu padt CXPULICIHICC 1 11T SO1IU
boundary was divided into eight zones and a reflection coefficient was
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Grid of exisiing harbor

Table 7

Grid Sizes

Breakwater Layout Number of: Length

of Typical
Elements | Nodes | Solid Semicircle Element

Boundary Boundary m (1)
Nodes Nodes

Existing 17,376 8,929 285 196 4.9 (16.1)

Straight Extension 17.364 8,927 296 196 49 (16.1)

Dogleg Extension 17,355 8,924 296 196 4.9 (16.1)

Southern Breakwater 17,350 8,927 307 196 49 (16.1)

WES-recommended 17,396 8,945 297 196 4.9 (16.1)

Plan
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Figure 7. Bathymetry

estimated for each zone (Figure 8). Reflection coefficients ranged from 0.2 for the
shallow sandy area around the stream outlet to 0.5 for the exposed cliff areas along
much of the embayment to 0.8 along the wharf face. Other parameter values used in
the numerical model are summarized in Table 8.

Different parameters are used for the long-wave simulations. The reflection co-
efficient was set to 1.0 for all boundaries, since long waves generally reflect very
well from a coastal boundary. Long waves are more affected by bottom friction
than short waves, so a value of S greater than zero is appropriate. The value of fis
best determined by calibration with field data. However, data records in this study
are too short to provide reliable long-wave information. An accurate value for Sis
not critical to objectives of the study, and a default value of #= 0 was used. This
and other parameters are summarized in Table 8.

Chapter 4 Numerical Model



Figure 8. Wave reflection coefficient values, short waves

Table 8
Parameter Values Used in HARBD
Value
Parameter
Short Waves Long Waves
Bottom friction, 8 0.0 0.0
Coastline reflection, K. ..., 1.0 1.0
Depth in infinite region, d,, 38.4m (126 ft) 38.4 m (126 ft)

Nine plans for modifying the harbor were defined after a study team review
meeting with sponsors (Table 9). The plans involved three breakwater modifica-
tions, including a breakwater at the southern end of the harbor embayment and two
alternatives for extending the existing breakwater. During physical model experi-
ments, a final WES-recommended plan was developed. The existing harbor grid
was modified to represent the alternative breakwater configurations (Figures 9
through 12). Grid characteristics for each of the four breakwater configurations are

included in Table 7.

Chapter 4 Numerical Model
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Table 9
Harbor Alternatives for Numerical Modeling

Feature Test Series

North breakwater

Existing X X X

Extended (straight) X | x

Extended (dogleg) X

South breakwater X

Wave absorber

Northeast shore (full length) X X

Northeast shore (north half only)

South shore (full length) X

Figure 9. Grid with dogleg breakwater extension

Chapter 4 Numerical Model



Chapter 4 Numerical Model

Figure 10. Grid with straight breakwater extension

Figure 11. Grid with south breakwater addition
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Figure 12. Grid of WES-recommended pian

The harbor modifications studied include combinations of the following:

45.7-m (150- ft) dogieg extension to the existing breakwater, angied into the
harbor.

Addition of wave absorber along the northernmost portion of the northeast
harbor shore.

Addition of wave absorber along the southeast portion of the harbor shore.

The addition of wave absorber was simulated by reducing the value of the short-
wave reflection coefficient to K, = 0.2 over the affected area. Absorber was simu-
lated over large segments of the harbor boundary to assess the maximum potential
effect of this type of modification (Figure 13).
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vaila ield data at Kaumalapau Harbor allowed a validat, est of
the numerical harbor response model. Validation was confined to short-wave cases.
The field records were not sulted to long-wave validation, and validation was not

essential for meeting the comparative objectives of the long-wave study.

Field validation of a short-wave model is inherently difficult, typically including
uncertainties about some aspects of incident waves, bathymetry, and construction
underneath wharves and piers and inside breakwaters (which affects harbor bound-
ary locations and reflection coefficients). Even when the structure is known, the
effective reflection coefficient can rarely be estimated with precision. Despite the
impossibility of getting a highly accurate and controlled field validation experiment,
field data are valuable for a rough validation to ensure that the model, with parame-
ter values within the range of reasonabie choices given the particuiar site, gives re-
sults consistent with measurements.

Five events occurred during the winter of 1994 in which H ,, at the outside gauge
exceeded 1 m. One or two records within each of these events was selected for
HARBD simulation (Table 10). The main criteria for selection are that H,,and 7,
at Kaumalapau Harbor and mean wave direction from the NOAA buoy north of the
island of Molokai (Gauge 51026) are relatively stable for at least a few hours

Chapter 4 Numerical Model
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Summary of Field Cases for Model Validation |

Date Hour Wave Period Wave Direction
GMT Sec Deg

17 Jan 94 1200 15.1 300

31 Jan 94 0800 19.7 325

31 Jan 94 1200 i8.3 325

24 Feb 94 1200 11.1 320

27 Feb 94 0400 17.1 301

27 Feb 94 0800 171 301

i1 Mar 94 1200 i5.1 300

12 Mar 94 1200 12.8 329

preceding the selected record and the spectral shape is single peaked if possible.
These criteria help to ensure that H,,, and T, are well-defined and that the

JONSWARP spectral form imposed on the numericai modei resuits is at least qualita-
tively correct. Ali five of the events also appeared as high wave events in the
Molokai buoy measureme This observati i wvith the climat
predominance of winter storm events
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pendent amplification factors from the HARBD runs were weighted based on the
energy levels in a JONSWAP spectrum. Appropriate 7, and spectral shape parame-
ters were used to establish the weightings.

Reflection coefficient at the wharf is a key model parameter in comparing to
measurements at mid-wharf. The wharf face is a concrete deck supported by con-
crete piles. Under the wharf, within about 2 to 3 m (6.6 to 9.8 ft) landward of the
wharf face, is a rough vertical wall of solid rock. It was estimated that a reflection
coefficient between 0.6 and 0.9 would be representative of the wharf. Initially K, =
0.9 was used to be conservative.

ML _al OCTT V. _aoab o1 a Lol i i naend b 100

1NC rauo o1 17,,, S dal 1icC NCT dlld OULCT [arvor gauges wds COlpdIcd v ailpiliii-
nnbimin Fnntne vntin nt tha cnsern lanntinma Frnme ITADDT) wmrna 11010 tha ananteal
CAdULIUIl 1aCLol Tdatiu dat uic » IC 1ULAUIVID UL TIAINDLY TULLDS UdliE WL SpPulil al
approach. The numerical model results showed a tendency to overestimate wave
conditions at the wharf. Runs were repeated with wharf reflection coefficient
adjusted to 0.8 and 0.6. A reflection coefficient of 0.8 gave satisfactory, unbiased
results (Figure 14). The figure also indicates the location of the data cloud when the
reflection coefficient at the wharf is set to 0.6 and 0.9, excluding for clarity the
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Sinolp noint for which the field ratio wac oreater than 1 0 The h f'fhno reflection
gle point for which the field ratio was greater than 1.0. The best-fittin g reflection
coefficient, 0.8, is very reasonable for this wharf structure, and the field validation is
considered successful.

Varying reflection coefficient along the wharf significantly affected wave esti-
mates at the wharf, but the effect was very localized. Areas away from the immedi-
ate wharf area were relatively unchanged. Similar localized changes appeared when
boundary reflection coefficients were varied as part of the short wave simulations of
harbor modification alternatives (Chapter 5).

Simulation Procedures and Calculations

A range of short-and long-wave conditions incident to the Kaumalapau Harbor
breakwater and embayment was considered. A full range of wave periods and direc-

tions which could cause damaging waves inside the harbor was included.
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The short wave periods and ap-
proach directions considered are given

in Table 11. The shortest wave period Table 11
represents a local storm condition Summary of Incident
which, based on local expenence can . cee

S e A T Short Wave Conditions
gencratc waves o1 concem Wl[[llﬂ ne
harbor. The longest period represents Wave Period || Wave Direction
a very long swell condition. Directions sec deg azimuth
were chosen to include all likely ap- 6 19 201
proach directions to the harbor en-

. . 7 20 211

trance. Numerical s a
tions were 1 cckgn d in 10-deg incre- 8 21 221

ments relative to the straight-in ap 9 2
proach dlrectlon (261.5-deg azxmuth,
rounded to 261 deg for determining

calculation directions ). Incident wave 11 251
directions and the angular orientation

12 261
of the seaward semicircular model - e
boundary are illustrated in Figure 15. — ==
14 281
Not all of the incident short wave 15 201
conditions listed in the tabie were con-
sidered 1n every set of simulations. L 201
Directional sensitivity tests of the ex- 17 311
isting harbor included HARBD calcu- 18 301
lations with all of the listed wave peri-
ods and all of the listed directions
Directional sensitivity then was evalu-
ated for spectra with 7', values of 8, 10,
16, and 18 sec, representative of storm and swell conditions at the site.

For comparing alternatives, HARBD was run with the full set of short wave peri-
ods for each simulation and a representative set of directions, chosen after consider-
ation of the directional sensitivity test results. The numerical simulation directions
were the 201-, 221-, 251-,291-, and 315-deg azimuth. The 315-deg direction was
used in place of 321 deg to represent a more realistic northerly limit on incident
wave direction. Alternatives were evaluated for spectra with 7, values of 10 and
16 sec.

Wave heights and probabilities of occurrence, which also generaily are needed in
harbor studies, were not necessary in this stuay The OD_]CC[IVCS of the study were to

1 a4 1 h VR P4

assess harbor characteristics for various harbor layouts, but did not include the esti-
Ahlm o ¥ a ot t 3 al o Lo b o TV s as madiimantas Al lannl cincn Alliennba

mation o1 wave ciimate insiac i€ naroor. ncnce, an CSumalc o1 10Cdl wave Clilnau
was not essential. Since the numerical model used is linear, the results for each inci-
dent wave period and direction can be taken as representative for any nonbreaking
wave heioht
Yavw ll\-«lsll\,
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Figure 15. Incident wave directions

Incident long-wave conditions considered are Table 12
given in Table 12. A fine resolution in wave fre- Summary of
quency was used over the full range of possible Incident Long Wave
resonant conditions to ensure that all important Conditions
peaks were identified. A total of 202 periods were
considered. Only one approach direction is in- Wave | Wave Direction

Period deg azimuth

cluded, since past studies have indicated that har- cec

bor response is relatively insensitive to incident

long-wave direction. This direction represents a 22.0 261.5
wave directly approaching the harbor entrance 23

from deep water.
22,6

1

One water level was used in the simulations.

The tide range at Kaumalapau Harbor is relatively 513.0

small, with a mean range of 0.46 m (1.5 ft). A )

ich- 1t M Frequency increments are
h¥gh water cpndnhon corresponding to the mean 0.0001 Hz for periods of 22-
high-water tide level was selected because high- 82 sec and 0.00006 Hz for
wave conditions are often accompanied by some- periods of 83-513 sec.
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what elevated water levels. Mean high water at Kaumalapau Harbor is +0.52 m
(+1.7 ft) mllw.

Calcuiation of spectra

Alil numerical model simulation resuits for Kaumalapau Harbor are based on
spectral post-processing of the initial HARBD runs. This approach requires, first,
AL L ITADDTY Lia oee il dhin e Al e cmmsim Ay b ben ommn i Tneend et g e andeal

1dl FIANDILJ DC I'ull WILL UIC Tdilgl U1 wave pCiious v Le COIBIUCICU 111 LT Spolual
nalanilatinmag Qannmd sralizas Af manls svravia smnminad T' Anrracnanding ta tha nanls

AlLUIAUIVID. OCLULIU, VAIUuld UL l)C \ A Y] pUl 10U IP, LU 1vapuuu1us w uiv }JUG.I\
(‘f\ﬂ(\“"'\] ‘PI‘A(I'IDI‘\I‘KY onr‘ ﬂ"\ﬂf‘“fﬁl "\ﬂ'\l}‘ nn]ﬂqnnnmnnf fnnfnr Ar I’“'I'IG" I'\A c“pf‘l'ﬁpfl T Vol
Qywu al u\f\lu\dll‘/ P “arLiv OPUUL‘ al y\.«ul\ Vilildlivwviiiviiv 1aviua , AIUDV U Dl.l\/\llll\/\.l. A Ak
T, values were chosen to represent wind wave and swell conditions at the harbor, as
discussed in the section "Incident Wave Conditions."

Values for y were approximated by re-
lating the guidance in Table 6 to 7, values
(Table 13). High-energy waves, of concern Tahle 1
for harbor design, wﬁh T, up to 10 sec were Approximate
assumed to be growing seas, and y was set Relationship
to 3.3. Waves with 7, equal to 16 sec and Between T, and y
18 sec were treated as swell. As swell 7,
increases, the swell is expected to have an T, Y
increasingly peaked spectrum. However, a i
value of y = 8 was considered representa- 8 33
tive of the two swell periods considered. 10 33
Output basins 16 8

i8 8

Tn order to oet enecial coveraoe of areas

In order to get special coverage of areas
where harbor traffic would most likely be
affected by wave conditions, 11 output loca-

proach to the main wharf (basins 5 through 7 and 11), the main wharf

(basins 1through 4), and peripheral areas (basins 8 through 10) (Figure 16). Basins
1 and 5 coincide with field wave gauge locations. A basin is a small cluster of ele-
ments over which the HARBD response is averaged to give a more representative
output. Each basin in this study contains 41 to 54 elements. At each of these loca-
tions, HARBD output information was saved in addition to the detailed output at
nodes.

Chapter 4 Numerical Model
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5 Harbor Response to Wind
Waves and Swell’

Numerical model studies of the harbor response to wind waves and swell were
directed toward increasing the efficiency and decreasing the time and cost for
physical model experiments.

Directional Sensitivity of the Harbor

Large wavemakers were used to generate unidirectional irregular waves in the
physical model. To change the incident wave direction, the wavemakers had to
be physically moved and side training walls relocated, a time-consuming and
expensive operation. For practical reasons, only three incident directions could
be considered. To assure that the directions were representative of the most
damaging harbor conditions, a directional sensitivity study was performed with the
HARBD model for incident 7, values of 8, 10, 16, and 18 sec (Figures 17 through
20).

Figures 17 and 18 indicate that shorter period waves at the wharf have a
tendency to be high (relative to incident waves) when coming from a southerly
direction, though the directional response for 8-sec waves also peaks around a
northerly approach direction of 281 deg. Since the wharf is most directly exposed
to waves from the southwest, a strong response to southerly waves is not surpris-
ing. For the longer period swell, the peak directional response shifts more toward
the direct approach to the harbor of 251 to 261 deg (Figures 19 and 20).

Comparison of Alternatives

Nine different harbor modification alternatives were defined by the
Kaumalapau Harbor study team for exploratory investigation, as discussed earlier.
Alternatives were assessed with the numerical model. Physical model experiment
plans were streamlined based on conclusions from the numerical model simula-
tions.

1Written by Edward F. Thompson and Lori L. Hadley.
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Figure 17. Amplification factor sensitivity to wave direction, 7,= 8 sec
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Proposed modifications were evaluated in terms of wave height in the alterna-
tive plan relative to wave height in the existing harbor at three locations along the
main wharf (Basins 1, 3, and 4). Relative wave heights were plotted against wave
approach direction for each harbor alternative. The two peak wave periods
considered, 10 and 16 sec, are representative of wind wave and swell conditions
at Kaumaiapau Harbor. Resuits for the dogieg breakwater extension are given in

~ e Y1 ~N Lg o PRSI, B LIFL AU oL . R Py S, S SR i-Juppy [N, [
rigures 21 and 2<. 10n€ aadiuon or me aogicg exiension signircdanuy reauces
cirncra hatehitc sirtdbhiom dhna howline YWWasrae wirith 10N ann mandinde ammenanhineg fonme dha
wave HCIELL WUl UIC 114 UVULI. YvdVCd WIill 1U-DCL 110U dappludllllliyg 11uln ulc
narthiwact urara masticnlarly affantad racuilting in wava haighte 42 $ta T4 nercant of
1IUL UIVWODL wlilo pcu uvuiaii aucuwu, 1Gauluus 11 wave llclslllb TJ W IT PCI\/CIIL UL
thace in the avicting harhnr  The came wave caondition annroaching from the wact
those in the existing harbor. The same wave condition approaching from the west
and southwest was reduced, but to a lesser degree, resulting in wave heights 60 to
98 percent those in the existing harbor. A single case of increased amplification

Longer period swell (Figure 22) also showed a marked decrease in wave
height with the addition of the dogleg extension, but with greater consistency
through all incident directions. For waves approaching between 315 and 201 deg,
wave heights along the main wharf ranged between 65 and 80 percent of those in
the existing harbor.

The addition of wave absorber along the northeast or south shore of the harbor
had Iittie effect on wave heights at the wharf. In aii cases invoiving wave

absorbers, the average reduction in wave heigl
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straight breakwater extension without further modification gives wave heights
along the pier between 45 and 71 percent of those within the existing harbor. The
same waves approaching from the southwest show wave heights that are between
61 and 113 percent those with the existing harbor, where values greater than

100 percent represent an increase in wave amplification. Longer period swell
shows less directional sensitivity, giving a more focussed range of wave heights
between 69 and 90 percent of those for existing harbor conditions.

and 24. For 10-sec waves approaching from the northwes

Based on results for dogleg modifications, wave absorber was added only
along the north shore for straight breakwater designs. Again the average reduc-
tion in wave height along the pier did not exceed 10 percent.

el et o tale by s ledlme hhonabciadn e ciinan alan asraliin H AL
COIDUIAUVILS WL UIC CAISUIIE DICAKWAICT WCICT dIdU Cvdiua CIZUICS L0 allu
M\ Damléa chnr that sava hatghta alang tha mine ara sadiznad by ma manea than
£U) ADNODULW DIV ulat wavto llClElllb dlUlls ull plCl at< 1CUUuULcCuUu v iU 111IVU1C uliall

1 1 narsrant ‘P(\I' OII MNagcag Ill}\ﬂ"ﬁ AV YAV /- 0‘\(‘(\7‘]’\0!‘ wmrag nracant AI(‘I\ f"\ﬂ oﬂr‘;ﬁnn (\F a
1L l}\zl LUl 1UL Adll vaolLd wWilviv wavoe auduiuvl vywwao PIL/DUIIL. M1dVU, ulv auuiuvii vr a
conth hreakwater had little effect on wave heiohte alono the nier chowing a

south breakwater had little effect on wave heights along the pier, showing a
maximum reduction in height of 19 percent with an average reduction of approxi-
mately 2 percent
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Amplification factor contour plots illustrate the effect of each of the break-
water alternatives on waves entering the harbor (Figures 27 and 28). The effect
of the wave absorber along the northeast shore also is illustrated.

In summary, the numerical model simulations of harbor alternatives indicate
that a 45.7-m (150-ft) extension to the existing breakwater will reduce short wave
heights at the wharf to about 60 to 80 percent of those in the existing harbor. The
dogleg breakwater extension is a little more effective than the straight extension
for reducing wave action at the wharf. Wave absorbers along the northeast or
south shores of the embayment have minimal impact on wave heights at the
wharf.
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Figure 27. Amplification factor contours, 251-deg incident direction, 7, = 10 sec
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6 Harbor Oscillations’

To evaluate harbor resonance characteristics, the HARBD numerical model
was run for the existing harbor and the WES-recommended plan. Incident long-
wave periods ranged from 23 to 513 sec in very fine increments, as discussed in
Chapter 4. These simulations were included because modifications to a harbor
can potentially lead to increased operational problems due to harbor oscillations.

Amplification factors in the existing harbor along the wharf, Basins 1 through
4 (Figure 16), are shown as a function of wave frequency in Figure 29. Some
frequencies produce a strong resonant amplification, with peak amplification
factors between approximately 5 and 30. Many of the same resonant frequencies
appear at all four basins, though the strength of amplification can vary consider-
ably between basins. Similar resonant frequencies are indicated at the other
basins with few exceptions (not shown).

Amplification factors in the WES-recommended alternative plan along the
wharf also show strong resonance at some frequencies (Figure 30). The lowest
frequency resonance, at 0.00615 Hz, is similar to that in the existing harbor.
However, the other resonant peaks generally differ from the existing harbor
results in both magnitude and frequency. The WES-recommended plan shows
fewer, but generally higher, resonant peaks than the existing harbor.

Amplification factor and phase contour plots for the six highest resonant peaks
show oscillation patterns in the existing harbor. In the amplification factor plots,
areas of high amplification are evident as darker shades of gray (Figure 31).
Corresponding phase contours are shown in Figure 32. In a pure standing wave,
the phase values are constant between nodes and they shift 180 deg across a node.
Areas in which phase contours are tightly bunched indicate nodal areas. Veloci-
ties and particle excursions at nodes are relatively large and vertical motions are
relatively small. Thus, nodal lines in Figure 32 coincide with low amplification
factors in Figure 31. The phase plots also indicate areas of the harbor which rise
and fall together during the resonant condition (same gray shade). Thus, the
oscillation patterns can be interpreted.

'Written by Edward F. Thompson and Lori L. Hadley.
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Figure 31. Resonant long wave amplification factor contours, existing harbor
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From the figures, it is clear that peak A at 161.1 sec represents the Helmholtz
(or grave) mode of oscillation, in which the entire harbor rises and falls in unison.
The phase value is constant over the whole embayment. The 67.1-sec resonant
period, peak B, represents a simple rocking oscillation between the north and
southeast areas of the harbor. A single nodal line runs across the harbor in a
northeast-southwest direction. The shorter period oscillations are more complex
patterns, though they generally indicate a strong nodal area at or near the wharf
and a strong amplification west of the west wharf end and/or just east of the east
wharf end. The elbow at the intersection of the breakwater and the wharf and the
northeast corner of the harbor appear to be natural antinodes for long-wave
resonance. Peaks D and- G, which are not included in the figures, are weaker
resonances, in which the north end of the embayment acts in phase and there are
no nodal lines intersecting the wharf. The peak I resonance (not shown) is an
interesting pattern similar to that shown below for peak I in the WES-recom-
mended plan.

Amplification factor and phase contour plots for resonant peaks in the WES-
recommended plan show similar oscillation patterns for peaks 4, B, C, E, and F
(Figures 33 and 34). The stronger amplifications for the peak B, C, and F cases
(relative to the existing harbor) can be attributed to the greater constriction of the
harbor by the longer breakwater in the WES-recommended plan. There is no
strong resonance in the WES-recommended plan comparable to peak H in the
existing harbor, and the pattern for peak / is included instead. The peak /
resonance shows an interesting nodal pattern which nearly intersects the western
part of the wharf.

The long-wave amplification factors shown here should be viewed as conserva-
tively high for several reasons. Wave reflection coefficient at all solid boundaries
was set to 1.0. Bottom friction was set to 0.0. Also, the breakwater is repre-
sented as a solid barrier; but for harbor oscillation wave periods, significant
energy may be transmitted through it.

A more quantitative comparison between the existing harbor and the WES-
recommended alternative plan can be obtained by averaging amplification factors
across the entire range of long-wave frequencies. The root-mean-square (RMS)
amplification factor was computed for each plan (Table 14). The RMS is used
because squared amplification factors are indicative of wave energy, a more
relevant basis for comparison than wave height. The WES-recommended plan
gives a higher RMS amplification factor than the existing harbor at all four basin
locations along the wharf. As might be expected, the biggest increase between
plans (20 percent) is at the western basins, closest to the breakwater. Differences
between the existing and WES-recommended plans may be exaggerated because
of the very high, narrow resonant peaks. Experience at other harbors has shown
that such narrow peaks are often strongly attenuated when bottom friction is added
to the model. Repetition of the Kaumalapau Harbor runs with a representative
value of bottom friction was beyond the scope of this study.
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Table 14
Comparison of Long Wave Response in Existing and WES-Recommended
Harbor Plans
Basin RMS Ampiification Factor
Existing WES-Recommended Plan Percent Difference
Harbor (WES Pian - Existing)
1 (Mid-Wharf) 3.13 3.49 +12
2 (W. Corner) 413 494 +20
3 (W. Wharf) 333 398 +20
4 (E. Wharf) 3.95 418 +6

Although the WES-recommended plan is prone to stronger oscillations than the existing
harbor, it seems likely that the differences will have little operational significance. Even
with the WES-recommended plan, the harbor is quite open. Thus the level of wind wave
and swell energy at the wharf will continue to be fairly high (by typical harbor standards).
Wind waves and swell can be expected to continue as a primary operational concern which
will probably outweigh any practical problems due to increased oscillations.

Chapter 6 Harbor Oscillations
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a.  Size of the physical model which can accurately reproduce the necessary
wave patterns within physical limitations imposed by basin size and

hardware constraints.

b.  Depth of water necessary to generate realistic waves without excessive
scale effects and the ability to generate the size of hurricane waves needed.

¢.  Available CORE-LOC™ (hereafter referred to as core-loc) and dolos sizes.

d. Model construction costs.

'Written by Gordon S. Harkins and Ernest R. Smith.
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Following selection of the linear scale, the model was designed and operated in
accordance with Froude’s model law (Stevens et al. 1942). The scale relations used
for design and operation of the model are shown in Table 15.

Table 15°
Model-Prototype Scale Relations (1:49 scale)
Scale Relations

AAAAAAAA | Y Y PN N - PPN Ty re e
characteristic Ull[le"blull viougLFivlulype
Length l I, = 1:49
Area r a, = 1:2401
Volume r y, = 1:117649
Time 1 t = 1:7
Velocity vt v, = 17
Discharae /) a = 1168807
Discharge q. 16807
! Dimensions are in terms of length (/) and time (¢).

The physical model covered approximately 0.3 sq km and extended vertically from
-29 m (-95 ft) to +8 m (26.2 ft) miiw contour in the prototype (Figure 35). The

I\I/'\

+8-m (+26.2-ft) contour was chosen to avoid overtoppmg on to the top of the

}lOWCVGr water SplilSﬂC(l on to UlC OVCI' DZlﬂK UIIQCF extreme hurricane

The model was designed using detailed bathymetric and topographic data and
constructed with sand fill and a concrete cap (Figure 36). In the vicinity of the
existing breakwater, the model was constructed in a pre-breakwater configuration.
This first configuration allowed the determination of the design wave heights for
model armor unit selection. The existing and two alternative breakwater configura-

tions then were built above the pre-breakwater contours as described below.
Breakwater design

The proposed breakwater rehabilitation was designed to withstand storms from
the South Pacific with minimal repairs. The crest elevation was to be raised to
+6.1 m (+20 ft) miiw with a 6.1-m-wide (20-ft-wide) crown consisting of a cast-in-
place concrete ribcap. The proposed length of the structure was 91.4 m (300 ft). It
was desired to use existing breakwater material as a foundation and core for the pro-

R I NN [,
posca preaKkwaltcr.
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Figure 36. Photograph of physical model

Cross section design. The proposed breakwater consisted of an armor layer
constructed of core-locs, an underlayer, and, where necessary, a core. It was neces-
sary in certain locations to excavate material from the existing breakwater to place
the armor layer and underlayer. This excavated material was used as a base near
the end of the proposed structure. Core material was added only in iocations where
it was required to raise the eievation of the existing breakwater to the bottom
elevation of the underlayer.

10C GCSign wave hy ight specified by the U 1y COZINEST UiSUICt \USALL),
Honolulu (1993) was a deepwater wave height H, of 8.5 m (28 ft) or wave height at
the structure H, of 7.2 m (23.6 ft). Core-loc size for the armor layer was calculated
using the stability equation of Hudson (1958)
3
w,-—tefld (14)
* K (S,-1) cotd

in which W, is the weight of an individual armor unit, y, is the specific weight of an
individual armor unit, K|, is the stability coefficient, S, is the specific gravity of an
individual armor unit or stone relative to the water in which it is placed, S, = v /v,

»
—t



62

in which y, is the specific weight of water, and 6 is the angle of the structure slope
measured from horizontal in degrees.

The water depth at the breakwater exceeds 1.5H, (10.8 m, 35.4 ft). Therefore,
core-loc was placed according to Engineer Manual 1110-2-2904 (“Design of

Breakwaters and Jetties”) (U.S. Army Corps of Engineers 1986) to a bottom

elevation of -10.8 m (-35.4 ft) miiw.

een 2 o] P L
traight alignment.
. -

existing material, cross sections requiring fill on the sea side were offset to the

lee side to allow a minimum sea-side toe shelf of 1.5 m (5 ft). Figure 39 shows

a plan view of the existing structure and points indicating the minimum center-
line location for each station to avoid sea-side fill placement. An adjusted center-
line was drawn, shown as a dashed line in Figure 39, that maintained the minimum
toe shelf distance and provided a straight breakwater alignment. Little existing
material is present between Station 2+25 and the terminus of the proposed structure.
Therefore, fill, obtained from the structure leeside, was required to provide a base
for the breakwater in this region. A cross section at Station 2+00 of the revised
straight breakwater alignment is shown in Figure 40, and a plan view sketch is
shown in Figure 41.
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Dogleg alignment. An alternative to the straight breakwater alignment was a dog-
leg configuration. The breakwater head position was limited by a navigational buoy
and the harbor basin. A configuration was developed that provided the maximum
protection within the constraints of navigation. The dogleg portion consisted of
11.9 m (39 ft) of the seaward portion of the structure. The dogleg originated at
Station 2+34 and extended toward the harbor 11.9 m (39 ft) at an angle of 29 deg
with the straight alignment center line (45 deg with the original center line,

Figure 42).

STA. 1400

Green Buoy

Figure 42. Sketch of dogleg breakwater
configuration (Plan 4)

Equipment

Wave generators

Two wavemakers were connected to provide a 9.1-m-(30-ft-) wide crest width.
This corresponds to the prototype width of approximately 457.2 m (1,500 ft), which
is the same order of magnitude as the harbor entrance. The wavemakers used in this
study were hydraulically powered, piston wavemakers. They were capable of
making waves from one direction (i.e., unidirectional) at a time. To generate waves
from different directions, the wavemakers were physically reoriented.
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Heights of waves generated from a wavemaker are a function of the water depth
at the wavemaker. To generate waves of significant height and to minimize
spurious wave components, the wave machines were located in the prototype depth
of -29 m (-95 ft).

The wavemakers were computer controlied and generated irregular waves.

Irregular waves have varying wave height and period and provide more realistic sea
conditions than monochromatic waves.
Wawva nannae
VVRA VS suuuvw
Parallel wire capacitance wave gauges were used to measure and record model

by automatically stepping wave rods throughout the water column over 11 steps.
Two wave gauge configurations were used throughout model experiments.

The first configuration, called the pre-breakwater configuration, is shown in
Figure 43. This wave gauge configuration utilized 15 gauges and was used to
calibrate the waves and to determine wave heights along the center line of the pre-
breakwater configuration. Gauges were numbered to correspond with the numerical
model basin locations (Figure 16). Gauge locations labeled 1 through 7 correspond
with the basin locations labeled identicaily. Gauges 1 through 4 were the principal

o

gauges of interest and were located along the main pier with gauge 2 located closes

to the breakwater, and gauges 3 and 1 in the center of the pier, and gauge 4 farthest
from the breakwater. Gauge 5 was located in the center of the mouth of the bay
Gauge 7 was located approximately 100 m (330 ft) from the pier and gauge 8 was
positioned 30 m (100 ft) from the pier and 50 m (160 ft) from the base of the cliff
wall to quantify reflection of wave energy off the near-vertical walls. If numerical
model results had indicated that wave absorbers were effective, then this gauge
would have been used to determine changes between cases with a wave absorber

versus those without a wave absorber. Gauge 9 corresponds to basin location 11
and initially was going to be used to measure incident wave height for one of the
preliminary plans for a jetty located along the south side of Kaumalapau Harbor.
Results from this plan were not satisfactory and were not continued beyond numeri-
cal model studies. Gauges 10 through 13 were located along the center line of the
existing breakwater location. The model was in a pre-breakwater configuration, so
that the gauges were located above an assumed bottom depth which would corre-
spond to the depth present before the breakwater was built. These gauges were
positioned over the center line of the breakwater and were used to define maximum
wave height occurring along the breakwater. Gauges 14 and 15 were used to
calibrate the incoming wave heights and are located in a depth of -29 m

(-95 ft) milw.

The second wave gauge layout was used during studies of the alternative break-
water configurations and can be seen in Figure 44. Gauges 1 through 7 were not
moved from the first wave gauge configuration except for the fifth gauge. The fifth
gauge was located in two adjacent positions labeled 5 and 5'. The location of
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Figure 43. Wave gauge configuration 1 for studies of
pre-breakwater conditions

gauge 5 corresponds to the numerical model basin location. For ease in building
and removing the straight and dogleg breakwater, the fifth gauge was repositioned
slightly seaward of its initial position and relabelled 5' to distinguish its second
position. The fifth gauge was positioned at location 5' whenever the straight or dog-
leg extensions were in place. Gauges 6 through 8 correspond to the numerical
model basin locations. Gauge 9 was positioned seaward of the small cobble pocket
beach. At one point, developers were going to build a man-made sand beach and
gauge 9 was located in this position to quantify the incident wave heights to the
shoreline. There was also talk of building a floating private marina in the vicinity of
gauge 10. Gauge 11 was iocated at the numericai modei basin location No. 11.
Gauge 12 was located seaward of the breakwater to quantify incident wave heights.

Mg PR, 1 M Ry

Gauges 13 and 14 were used to measure the incident wave heights.

\" ave machine Si()‘h'\] oeneration wave machine control and data collection were
ghai gencraiaon, wave maciine comro:, and Gaid COLCCLION WCIC
erformed on a Digital Equipment Corporation MicroVax computer. This process

simultaneously to the hydraulic controllers of the wave machine. Wave gauge

v <
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Figure 44. Wave gauge configuration 2 for studies of
existing and alternative harbor plans

calibration and preliminary data analysis were also conducted on the MicroVax
computer.

Wave absorbing material

Rolls of fiber wave absorber measuring 1.2 m (4 ft) wide and 0.6 m (2 ft) high
were positioned behind the wavemakers to absorb waves generated from the back of
the wave paddles. Behind the rolls of fiber wave absorbing material, 2-kg (5-1b) to
15-kg (30-1b) stones on a 1:2 (vertical:horizontal) slope up to 1.5 m (5 ft) in height
were positioned adjacent to the back wall. This sloping structure further reduced
wave energy that would have reflected off the vertical basin walls.

LN SO, D, U, JL.SPSURPRPL TIPSR »SUUPP I TP R
1 ITOIIL Ol U1C WdVC ITIACIIIICS dl UIC WALCT SUI'ldCC LO d0USOI0
T nsisnnalamars swa~dal

I\awualapau noucl.

Fiber wave absorber material was positioned around the perimeter of the model
2, 2 nea C
I
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Guide vanes

In nature, storms that generate wave events are large in size and can propagate
over long distances affecting large portions of the coastline. Finite iength
wavemakers, however, have end effects. To minimize end effects, aluminum

barriers cailed guide vanes measuring 3 m (10 ft) long by 1.5 m (5 ft) tail and
approximately 0.5 cm (0.25 in.) wide were positioned at both ends of the wave
machine to contain the wave energy generated by the wavemakers. These guide
vanes limit the wave diffraction effects that occur at the ends of the wave paddles
and also contain the wave energy, providing a more uniform wave elevation inciden
to the model study area
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igher water phase of the local tidal cycle.

L,

b. Most storms moving onshore are characteristically accompanied by a
Tialne ssrndne Tacoal dion o ccelead 6310 and dhnvacoand manco tnamomned
HIEZHCT WdlCl ICVCl JUC W Wi, UUT, dalld SIIVITWALU 111ddd U alldpult.
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swl is selected, a model investigati

&2 = 5 HiUuU 1

conservative results.

The Hawaiian Islands experience two high and two low tides daily. The tides
are semidiurnal with pronounced diurnal inequalities. Tidal data representative at
the site are shown in Table 16 (USAED, Honolulu 1993):

'Written by Gordon S. Harkins.
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Table 16
Kaumalapau Tidal Data
Tide Description Elevation
m (ft)
A J
Highest tide (estimated) +1.06 (+3.5)
Mean higher high water +0.67 (+2.2)
Mean high water +0.52 (+1.7)
Mean tide level +0.29 (+0.95)
Mean low water +0.06 (+0.2)
Mean lower low water 0.0 (0.0)
Lowest tide (estimated) -0.3 (-1.0)

Swi's of 0.67 m (2.2 ft) and 1.52 m (5.0 ft) miiw were selected by POD for
use in experlme ts of Kaumalapau Harbor. The 0.67-m (2.2-ft) value was
AAAAAAAAAAAAA PR P TT . NV FO.JNE PR praiy ey Iy Sptrih SEPNI. BTN, [P NI IR LN |
lUplC\C[lldUVC OT Imean MENCr nyil wdicr {Iiiiw) diia wdd uscl auriig opclrduoial
grava nnnditinn avmasiseanto fram tha vasicng disantinnag Tha 1 £ e 18 N_fD
wave CULILTUULL TAPCTLILICIHW 11U UIC Valluud UICLUUID., 11O 1.0471H \J.U-LlY)
ln:nu:\l concicting af an actranamical ida af 1 NE m 2 § £\ a watoar laval rice dna
wvvel UUllDlDlllls Ul 4all adsu viiviiiival uuv vl 1.V i \J-J ll}, a vwalwvl 1vvul 110V Uuw
to a reduction in atmospheric pressure of 0.43 m (1.4 ft), and a water level rise
due to a storm surge of 0.03 m (0.1 ft), was used during experiments of severe
storm wave conditions associated with passage of the design hurricane.

In planning the physical model experimental program for Kaumaiapau Harbor,
it was necessary to select nelgms periods, and directions for experimentai

waves t‘nat wou d allow realistic study of the two proposed ¢ ative breakwater‘
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Wave refraction

When waves move into water of gradually decreasing depth, transformations
take place in all wave characteristics except wave period (to the first order of
approximation). The most important transformations with respect to the selection
of experimental wave characteristics for the study are the changes in wave height
and direction of travel due to the phenomenon referred to as wave refraction.
When the refraction coefficient (K,) is determined, it is muitiplied by the shoaling
coefficient (K,), which gives a conversion factor for transforming deepwater wave
heights to shaliow-water values. The shoaiing coefficient, a function of wave
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length and water depth, can be obtained from the Shore Protection Manual
(1984). The change in wave height and direction may be determined by using the

numerical Regional Coastal Processes Wave Transformation Model (RCPWAVE)

deveioped by Ebersoie, Cialone, and Prater (1986).

e frn ~timm analucie wae net Aeamad accentia 1 Deenwater wavee genarally
refraction anaiysis was not deemiea essential. Deepwater waves generaiy oegii
rafranting at o danth Af alhant ana half thair wava langth fdoanuwatar wava lanath
lUlla\.«ullé aita uDlJul Ul AUUuUl UlIL 114dil Uivil vyvwvave lcllsul \ucElJWaLCL wavue lblléul
T ic definad ac o 2)Y A wide rancge of wave coanditione wac ctudied in the

‘—lo FIS IR IO S PV LWLE Iy TN | 6‘ 7 b Io 4% YYiIuW lullsv UVl VWWA VW VULIMAUMUILLD VYOO DHUMAWVAGE AL uilw
model. Waves were generated in the -29-m (-95-ft) model pit. From this point,
the model contours refracted the wave trains to the shore.

Wave and storm data selected

Prevailing winds in the Hawaiian Islands are the northeasterly trade winds,
which occur approximately 90 to 95 percent of the time during the summer
months (May-October), and 55 to 65 percent of the time between November and
April, with speeds of 16 to 32 km/hr (10 to 20 mph). Storm conditions generally
result when a breakdown of the trade wind circulation occurs, which is relatively
infrequent.
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Measured prototype wave data covering a sufficiently long duration from which
to base a comprehensive statistical analysis of deepwater wave conditions for the
Kaumalapau Harbor area were not available. However, statistical wave hindcast
estimates representative of this area were obtained from the WIS studies, which
include a 20-year hindcast period (1956 to 1975). The hindcast (Corson et al.
1986) was obtained at WIS Station 34 (20.00 deg north, 160.00 deg west) and
Station 35 (17.99 deg north, 157.90 deg west) in the North Pacific Ocean south-
west of the island of Lanai. The WIS data do not include waves generated by
hurricanes or southern hemisphere swelil conditions.

Chapter 8 Physical Model Experiment Conditions



reproduce and encompass the typical wave climate at Kaumalapau Harbor.

tioned in three directions to

1nes were post

data and model results provided by HARBD on the
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sensitivity of the harbor to wave direction were used to determine the wave
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Table 17

Combined Number of Occurrences for the Two WIS Stations

Wave Rep.
Dir Mean
Bins Wave T, Hyo, M
deg Dir sec (fe)
deg
206- 221 <1 1-2 23 34 45 5-6 >6
235 (<3.2) | (3.2-6.6) | (6.6-9.8) (9.8-13.1) (13.1-16.4) | (16.4-19.7) | (>19.7)
<7 0 0 5 0 0 0 0
79 0 0 10 15 7 0 0
9-11 0 0 0 3 3 10 0
11-13 0 0 1 1 0 0 0
13-15 0 0 0 0 0 0 0
16-17 0 0 0 0 0 0 0
17-19 0 0 0 0 0 0 0
>19 0 0 0 0 0 0 0
235- 251 <1 1-2 23 34 4-5 56 >6
270 (<3.2) | (3.26.6) | (6.6-9.8) (9.8-13.1) (13.1-16.4) | (16.4-19.7) | (>19.7)
<7 9 0 1 0 0 0 0
79 0 0 22 23 5 1 0
9-11 0 0 1 5 1 2 1
1113 0 0 13 10 0 0 0
13-15 0 0 1 8 3 0 0
16-17 0 0 0 0 0 0 0
17-19 0 0 0 0 0 0 0
>19 0 0 0 0 0 0 0
270- 290 <1 1-2 23 34 4-5 5-6 >6
310 (<3.2) | (3.26.6) | (6.6-9.8) (9.8-13.1) (13.1-16.4) | (16.4-19.7) | (19.7)
<7 0 0 8 1 0 0 0
79 0 6 26 24 18 1 0
9-11 0 94 162 31 4 1 2
11-13 0 7 934 424 33 1 0
13-15 0 0 662 1894 991 175 8
16-17 0 0 0 0 0 0 0
17-19 0 0 0 21 24 26 39
> 19 0 0 0 0 0 0 0
74 Chapter 8 Physical Model Experiment Conditions




Using the WIS data above, POD agreed to the wave conditions shown in
Table 18 for the harbor wave action portion of the study. Incident direction and
significant wave height (H,,, )are defined at -29 m (-95 ft) mllw. These waves
were reproduced at the 0.67-m (2.2-ft) swl.

Table 18
Physical Model Wave Conditions Chosen
Wave Direction’ Wave Period H,,Wave Height'
deg sec m {ft)

221 8.0 2.5(8.2),3.5 (11.5), 4.5 (14.8)
10.0 2.5(8.2),5.5 (18.0)
12.0 1.5(4.9), 25 (8.2), 3.5 (11.5)
14.0 1.5(4.9),258.2),35{11.5)
16.0 1.5 (4.9), 2.5 (8.2), 3.5 (11.5)
20.0 1.5 (4.9), 25 (8.2)

251 8.0 2.5(8.2),3.5(11.5), 45 (14.8)
10.0 2.5(8.2), 4.5 (14.8), 5.0 (16.4), 55

(18.0), 6.0 (19.7)

12.0 2.5(8.2), 3.5 (11.5)
14.0 3.5 (11.5)
16.0 3.5(11.5)
20.0 15(4.9),25(8.2)

291 8.0 2.5(8.2),3.5(11.5), 45 (14.8)
10.0 2.5(8.2), 3.5 (11.5)
12.0 2.5(8.2), 3.5 (11.5), 45 (14.8)
14.0 2.5(8.2),3.5(11.5), 45 (14.8),55

(18.0)
! Defined at the -29-m (-95-ft) contour

Ocean waves consist of waves of more than one height and period. To reproduce
typical ocean waves, spectral seas were reproduced in the physical model. A
spectral parameter called the groupiness parameter was adjusted to simulate how far
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reanalyzed. Table 19 shows the target and reproduced wave height comparisons for
a selection of experimental wave conditions.

Table 19
Target Vesus Measured Wave Heights for Waves from
251 deg
H Wave Height
m gy
Wave Period
sec Target Measured
8 25(8.2) 25(8.2)
8 3.5(11.5) 3.4(11.2)
8 4.5 (14.8) 4.4 (14.4)
10 25(8.2) 25(8.2)
0 6.0 (18.7) 6.0(18.7)
10 5.5 (18.0) 5.5(18.0)
10 5.0 (16.4) 49 (16.1)
10 45 (14.8) 4.4 (14.4)
12 25(8.2) 25(8.2)
12 35(11.5) 3.5(11.5)
14 3.5(11.5) 3.3(10.8)
16 3.5 (11.5) 3.2(10.5)
20 1.5(4.9) 1.5(4.9)
20 25182) 25182)
Harbor Layout Configurations Studied

Four harbor layout configurations were studied in the physical model. Plan 1 was
the pre-'breakwater condition, which was used to determine appropriate core-loc
armor unit sizes based upon the measured wave height along the assumed existing

. s~ ~4 o4l e ~ = U ' _

DI'CZIKWHICT center II'lC VVRVC Ic SpOﬂS dl Ine plCl' arca was analyzcd fOI' ne
......... mn bhannl cndnie e ittt Do M A Qban e TDinnien AL ThaAa
ICIIldlIllllg L CC DICARWALCT COMLIZUTAUOILLS, TIdlld Z=4 SHOWI U1 C'1gUIC 40, 11IC
Fioren ahavie tha L2 s F1N £\ nnntane ~Aftha avicting ctmintiira tha L& s (N £
115 SHIUWD UIcv 7o-11 \.lU'l.L} CULILUWL UL UL CAlbtllls SUULLUIG, WIC TU=LL \LU'AL}
oantanr af the atraicht and dnaclag hraakwater and tha _Q_m MO cantanr af aanr
LVULILVUL UL UiV U ulslll, almu uUslvs UVIVARNYYUdLVI dliu v Z=i11 \JV AL/ VULV UL V1 vdawvil
structure The exicﬁnn hraakwatar eonditioan Plan 2 wace evaliated firet ta nravide

. Ol-llls VivUanyyuiwvi UUIA\JIUIVI.I’ 4 i4aiz l-, YYD WY UWILIUULWVG L1110V VW l.ll\."l\&v
a baseline against which the alternative configurations could be compared. The
second breakwater configuration studied was called the straight breakwater (Pla_n 3)
This was referred to as the pre-Ewa breakwater with a length of 122 m (400 ft) a

7

shown in Figure 41. The last alternative studied was termed the dogleg breakwater
Plan 4. For Plan 4, the last 15 m (49.2 ft) of the breakwater center line was aligned
30 deg towards the inside of the harbor as measured from the center line of the
straight breakwater as shown in Figure 42.
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Figure 46. Plan view of breakwater crest and -9.1 m depth contour of existing, straight and

dogleg breakwater
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9 Physical Model Experiments
and Results’

Experiment Series

Based upon the numerical model resuits, three wave directions were
simulated in the physical model. The first wave direction analyzed was for waves
approaching the harbor directly, 251 deg. This direction was thought to provide
thia Lol act siracrac tlhant simaild fmamant s lheaaloatar amd ssae siend fam tha mea
LIC IHEIHOSL waved Lildt wOuid llllpdbl, Uuic LVICAK Wl dilld wdadd UudCU 101 Uc pl -
hranlbwratar avnarimant gariae  Raanlta firam thia diractinn wara thanaoht ta nravida o
UVIVARN VYW adLLL UAPUI UIIVIIL DULIWD INUDOUILW 11U ULID ULILALLIVLL WU L UIuY i w PIUVIUU a
annd indicatinn nf tha merite nf the twn nrannced hrealwater canfionratinne The
5\1\1\‘ AAANAIVAULIVUEL UL Uil 11IVI LWL VUL vilv VYYD yl UHUQ\J‘J ViwvAnyy uavwi \lUllLlsw “artiviio A Liw
wave machines were moved to the southerly direction and experiments on existing
conditions (Plan 2), straight (Plan 3), and dogleg (Plan 4) breakwaters were

N 72 (=} AN 73 & o N 7

performed. Experiments were conducted only for existing conditions and the dog-
leg breakwater plan for waves from 291 deg. Results from the other two directions
indicated that the dogleg breakwater was a better alternative than the straight
breakwater.

Waves from 251 deg

Results for the 8-, 12-, and 20-sec, 2.5-m (8.2-ft) waves are shown graphically
in Figure 47. The gauges are arranged in order of increasing distance from the
breakwater. Results for the straight or dogleg breakwater do not satisfy the design
criteria established by POD for all wave conditions. The criteria was a 4.7-m
(15-ft) offshore wave height reduced to 1.5 m (4.9 ft) inside the harbor. The
existing breakwater condition reduces a 2.5-m (8.2-ft) offshore wave height to less
than 1.5 m (4.9 ft) for only the 8-sec wave period. For the 12- and 20-sec waves,

'Written by Gordon S. Harkins.
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Comparison of Harbor Layouts for Waves from 251 deg
Peak Period = 8 sec, Hm0=2.5m
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Figure 47. Comparison of existing conditions with the two alternative layout configurations -

waves from 251 deg
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the wave height is only less than 1.5 m (4.9 ft) at gauge 2 for the 12-sec wave
period. Longer-period waves are only minimally affected by the straight or dogleg
breakwater. However, resulits are significantly better than for existing conditions.
One might notice the high wave height at gauge 1 for the 20-sec wave condition,
which 1s higher than the deepwater incident condition. This appears to be due to the

S DL SRR AP SR IS S PRV I § B S [ I AT
CIOSC Proximity o1 i€ gauge 1o e near verucal wall bCiow e picr arca. iNcar a
mzremadis maflanticin atmintiiean tha cirne haioht nnn o tcarine ac hich ac tha tmnidant siromcre
PUICly JTCLICLUVE SUUCLUIC, UIC WAVl NICIEIHIL Cdll UC LWILE ad 1111l ad UG HIVIYUCIIL wave
Laioht Tar chartar nariad wavags thic nhanamanan wag naf nracant indisating that
1IVIELIL, 41Ul sSlivi e }JDI 1IUU wdvud, Uil PllbllUlllUllUll wWad 11uL 1VouliL, luuluauus uiav
theace wavece wers nnt affected hy tha wall and tha dictance ta the wall relative tn the
ULIWOW YYA YWD YYwi v LIVUL dlivviva U] iAW VY 4RLIL QUMW WUV VIO LUHIVW LW LAV VYl MTvidu Y W W oulw
wavelength was long enough that doubling of the wave height was not realized. It
also might indicate that a standing wave pattern is being created. For the higher

The differences between the straight and dogleg extensions become more
obvious for the longer period waves. For the 20-sec waves, the wave height at the
pier for the dogleg breakwater is on average 12 percent less than the straight
breakwater with an 18-percent maximum difference and a 5-percent minimum
difference for gauges 1 through 4.

Waves from 221 deg

The wave machines were reoriented to the 221-deg direction. Results for the
existing, straight and dogleg configurations are shown in Tables 23, 24 and 25
MRS Dy BN BNy 82 WU BYD o > & i b 5 S22 >
respectively. Results for 8-, 12-, and 20-sec waves are shown in Figure 48. The

with a 2.5-m (8.2-ft) deepwater wave height are reduced on the
average by a factor of two. The deepwater wave height is reduced by a factor of five
at gauge 2. Although gauge 4 is located farthest from the breakwater, the maximum
wave height occurs at gauge 1 for 12- and 20-sec waves. Refraction of the waves as
they enter the harbor and reflection from the sidewalls under the pier is greater at
gauge 1. For the 8- and 12-sec waves, both proposed plans show improvements
over existing conditions. However, results with 20-sec waves differ little between
the three plans. The design criteria of a 1.5-m ( 4.9-ft) wave or lower at the pier is
not realized for waves from 221 deg. All plans provide only limited sheltering for
waves from the 221-deg wave direction for the 12- and 20-sec waves.

Waves from 291 deg

The wave machines were moved for simulation of waves from 291 deg. Results
for the existing conditions and the dogleg configuration are given in Tables 26 and
27, respectively. For waves from 291 deg, the straight breakwater had been
eliminated as a possible alternative and experiments on this configuration were not
conducted. Unlike the first two directions, the 20-sec wave was not a typical wave
condition from this direction and thus a shorter, 14-sec wave was generated, and
results are shown in Figure 49. The pier area is sheltered by both the existing and
dogleg breakwater for waves from 291 deg. An increased reduction in wave height
of the dogleg breakwater over existing conditions at gauges 3 and 4 is shown in
Tables 26 and 27. However, there 1s not a substantial difference at gauge 2.
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Comparison of Harbor Layouts for Waves from 221 deg
Peak Period = 8 sec, Hm0 = 2.5 m
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Comparison of Harbor Layouts for Waves from 221 deg
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Comparison of Harbor Layouts for Waves from 221 deg
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Figure 48. Comparison of existing conditions with the two alternative layout configurations
for waves from 221 deg
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Comparison of Harbor Layouts for Waves from 291 deg
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y of Results from the Three Wave

Figures 47 through 49 show the importance of wave direction, period, distance
from the breakwater, and breakwater configuration on measured wave heights along
the pier for a 2.5-m (8. z ft) ) aeepwater incident wave. Wave nelgnts at the pner are

L

< I /0N Lman ~ A Al b ot Ain I a lennl s atae
neigin o J I {0.£ 1) 101 C C UL CCLIVILS DLUUICU dliyg UIc U C UICAR WdALLL
configurations constructed. From 291 deg, the wave height along the pier also was
less than 1.5 m (4.9 ft) for wave periods of 12 and 14 sec for the existing and
dogleg breakwaters for an incident wave height of 2.5 m (8.2 ft). The dogleg break-
water provided increased reduction of wave heights. For a 2.5-m (8.2-ft) wave from
251 deg, the wave height along the pier was less than 1.5 m (4.9 ft) for 12-sec

waves for the straight and dogleg breakwaters, but not for existing conditions. For
12-sec waves from 221 deg, H,,, was less than 1.5 m (4.9 ft) only at gauges 2 and 3.
Only gauge 2 showed wave heights less than 1.5 m (4.9 ft) for 20-sec waves from
251 and 221 deg).

Obviously, the criteria established by POD for a 4.7-m (15.5-ft) deepwater wave
height not to exceed 1.5 m (4.9 ft) at the pier were not met by the alternatives
studied. However, the results indicate that both the straight and dogleg extensions
decrease the wave height at the pier compared to existing conditions. The dogleg
extension provides slightly better resuits over the straight breakwater, especiaily for
the longer period waves from 251 deg.
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where H, is the wave height at the i gauge location and H,, is the average wave
height at gauges 13 and 14, the deepwater wave height. This technique is used
when showing the results for a single plan. If the result is less than unity, then there
is a reduction in wave height at the pier in comparison with the deepwater wave
height. If the wave height is amplified at the pier, the value would be greater than
unity. To simplify the results, all runs for a particular period were averaged and one
result for each wave period is shown. The results for the dogleg breakwater are
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shown in Figures 50 through 52 for the three incident wave directions. The graphs
show the transmission coefficient of the deepwater wave height for gauges located
along the pier area (see Figure 44).
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Figure 50. Period-averaged deepwater wave height transmission coefficient for
waves from 251 deg with dogleg breakwater
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Figure 52. Period-averaged deepwater wave height transmission coefficient for
waves from 291 deg with dogleg breakwater

Model results, showing the transmission coefficient, are summarized in
Table 28. The table is divided into the three directions with typical wave periods
associated with each direction. The transmission coefficient and maximum wave
height at the 29-m (95-ft) depth that produces a 1.5-m (4.9-ft) average wave height
along the pier is also given. Averaging was used to summarize the results for
gauges 1-4 for varying wave heights for a particular wave period and direction. For
example, for existing conditions for an 8-sec wave period for waves from 221 deg
the transmission coefficients are shown in Table 29.

The maximum wave height, Table 28, at the 29-m (95-ft) depth was calculated
by dividing 1.5 m (4.9 ft) by the transmission coefficient. This number provides the
shipping companies an idea of the maximum deepwater wave height for a given
wave direction and period that will provide an average 1.5-m (4.9 -ft) wave height
along the pier. Another useful way to use this chart is to calculate the wave height
along the pier given incident wave height, period, and direction from which waves
are approaching the harbor in deep water. For existing conditions, given a 6-m
(19.7-ft) wave height, 8-sec period from 221 deg, the average wave height along the
pier is 3 m (9.8 ft), conditions that would be too rough for offloading. The trans-
mission coefficient for the dogleg configuration is always less than the transmission
coefficient produced by existing conditions; thus, the dogleg design will allow the
harbor to be used during more energetic wave events.

One might question the validity of averaging the results over different simulated
wave heights. Transmission coefficients for waves with a wave period of 8 sec and
from a principal wave direction of 251 deg are shown in Figure 53 for deepwater
wave heights of 2.5 (8.2 ft), 3.5 (11.5 ft) and 4.5 m (14.8 ft). Although the results
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Table 29
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0.32
0.32

0.41
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45
Average

show that averaging the results from different incident wave heights is a valid

are different for the different wave heights, the results are close in magnitude and
scheme to summarize the data.



Importance of Wave Height on Transmission Coefficient
Waves from 251 deg, Tp = 8 sec

2 HmO = 2.5m
<-HmM0=3.5m
—4&-HMO=45m

2 3 1 4
Wave Gage

Transmission Coefficient (Hi/HO)

Figure 53. Importance of wave height on wave transmission coefficient for a
single wave period and direction for H,, wave heights of 2.5, 3.5, and 4.5 m

Another method was used to further compare results between the dogleg
breakwater and existing conditions. This technique was chosen because it elimi-
nates small differences between incident deepwater wave conditions when waves are
generated for different plans or from different directions. Ideally the deepwater
wave conditions would always be identical; however, this was not the case. The
difference between transmission coefficients of the dogleg breakwater and existing
conditions then is normalized by the transmission coefficients for existing condi-
tions. The formula for the normalized transmission coefficients is given as follows:

(Fi)dogleg B (Fi)existing
N =1+ g 2 (16)

(TI’—)axisting

o

in which H, represents the wave height of the i wave gauge and H,, is the wave
height at -29 m (-95 ft). Results from this expression show the increased or
decreased effectiveness of the dogleg breakwater over existing conditions. The
dogleg breakwater is more effective in reducing the wave height at the pier than
existing conditions if the result is less than unity. If the results are unity, there is no
change in wave height, and if the result is greater than unity, the dogleg breakwater
is less effective than existing conditions. The decimal percent that N, is above or
below unity is how much less or more, respectively, the dogleg reduces the wave at
the pier than the existing breakwater. For example, given the same deepwater wave
height for the existing condition and the dogleg breakwater if N, = 0.75, then the

wave height at the pier with the dogleg in place is only 75 percent as high as it
would be for existing conditions.
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The dogleg breakwater does provide significant improvements over existing
conditions. The dogleg breakwater and existing conditions for waves from 221,
251, and 291 deg referenced to north are in Figure 54. This gives an indication of
the decrease in wave height at the pier with the dogleg breakwater. As was the case
with the transmission coefficient results, the normalized transmission coefficients
represent averaged wave heights for all wave cases from a particular direction.

The dogleg breakwater has little effect on wave energy reaching gauge 2 for waves
from 291 deg. Gauge 2 is sheltered from waves from this direction and increasing
the breakwater would have little effect.

g 0.9

5

‘s 08

e

3

2 07 @ Waves from 221 deg
2 - Waves from 251 deg
(2]

e 06 -4 Waves from 291 deg
2

o

— 05

°Q
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Z
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Figure 54. Normalized transmission coefficient for the dogleg breakwater

The straight and dogleg breakwaters were compared using the normalized
transmission coefficient given in equation 16, and the results for gauges 1-4 are
shown in Table 30. In general, the dogleg breakwater provides a normalized trans-
mission coefficient of 0.65 while the straight breakwater provides a normalized
transmission coefficient of 0.69. Thus, the dogleg breakwater provides slightly more
sheltering than the straight breakwater.

Increased Harbor Usability with the Dogleg
Extension

Before considering the increased harbor usability when the dogleg breakwater is
present, some limitation of the WIS data set must be addressed. Kaumalapau
Harbor is directly exposed to waves propagating from 180 deg (due south) clock-
wise to approximately 330 deg (30 deg west of north). Therefore, the harbor is
exposed to waves from the south and west of Lanai. The WIS Pacific Phase I grid is
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Table 30
Comparison Between the Straight and Dogleg Breakwater
Configurations Using the Normalized Transmission Coefficients
(N.)
Gauge Number
Direction Configuration 2 3 1 4
221 Straight 0.64 0.76 0.81 0.77
Dogleg 0.62 0.74 0.80 0.76
251 Straight 0.55 0.57 0.65 0.74
Dogleg 0.50 0.51 058 0.70
Average Straight 0.59 0.67 0.73 0.76
Average dogleg 0.56 0.63 0.69 0.73
Average Straight for all gauges = 0.69.
Average dogleg for all gauges = 0.65.

also limited in size to the west and south of Lanai, as shown in Figure 3. The WIS
model does not include waves that are generated in the southern hemisphere, which
are waves that affect Kaumalapau Harbor during the summer months. The grid size
also is large, and low, locally generated waves are not included in the wave field
calculated. Limitations of the WIS Pacific Phase I data set also do not include
effects of wave sheltering from the Hawaiian Islands. Additionally, the two WIS
stations are located some distance from Kaumalapau Harbor and diffraction of
waves around Lanai is not known.

Given the limitations of the WIS data, a frequency of occurrence table was
developed (Table 31). The table shows frequency of occurrence of waves over a
20- year record from January 1, 1956 through January 1, 1976 from wave directions
that affect Kaumalapau Harbor. Percent of occurrence values were averaged over
the two WIS stations. The last four columns in the table were calculated using
transmission coefficient values from Table 28 and the calculated deepwater wave
height, period, and direction from the 20-year WIS record. For example, waves
from 206-235 occurred only 0.05 percent of the time. If existing conditions are
present, the waves along the wharf are reduced to less than 1.5 m (4.9 ft) 0.03 per-
cent of the 20 years. Since the dogleg breakwater provides better protection, the
waves along the wharf are reduced to less than 1.5 m (4.9 ft) 0.04 percent for the
20 years. The last two columns indicate the percentage of time wave heights along
the wharf are less than 1.5 m (4.9 ft) for waves from a particular direction for the
existing conditions and the dogleg extension. Waves from 291 deg occur 4.8 per-
cent of the time over the 20-year WIS record. For 2.09 percent of the time, the
waves will be from 291 deg and less than 1.5 m (4.9 ft) along the wharf for the
existing conditions while for the dogleg extension, waves meet the criteria
3.71 percent of the time. Waves meet the criteria from this direction 44 percent of
the time for the existing conditions and 77 percent of the time for the dogleg
extension.
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Table 31

Frequency of Occurrence for Waves Used in Physical Model

Percentage of Time
Waves from a Particular
Direction Generate

Waves at the Wharf
Percent of Occurrence Over 20-Year Less Than
Period 1.5m (4.9 ft)
Meets Wave
Meets Wave Criteria
Criteria Along Along the
Wave Rep. the Pier with Pier with
Direction Wave wis Existing Dogleg Existing Dogleg
Bins Direction | Data Conditions Extension Conditions | Extension

206 - 235 221 0.05 0.03 0.04 60 80
235-264 251 0.10 0.08 0.09 80 90
265 - 315 291 4.8 2.09 3.71 44 77

On a wave-by-wave basis, the results are shown in Table 32. The numbers in
the table represent the combined number of occurrences of a 3-hr event over the
20 years of WIS data for the two stations. The unshaded area represents maximum
waves that will meet the design criteria for existing conditions. The lightly shaded
area represents maximum waves that will meet the criteria for the dogleg extension,
whereas the darkly shaded area represents waves that do not satisfy the criteria of a
1.5-m (4.9-ft) wave height or less along the pier face with the dogleg extension.
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10 Three-Dimensional Stability
Study’

Armor units placed on the ends of breakwaters often are vulnerable to waves
which overtop and diffract around the structure because the units are subjected to
forces from the opposing direction of a two-dimensional situation. Heavier units
often are required for breakwater stability on the head of the structure. To deter-
mine stability of the entire Kaumalapau breakwater, three-dimensional experiments
were conducted.

The Model

Design of model

Three-dimensional stability experiments were conducted at a geometrically
undistorted linear scale of 1:49, model to prototype, on the proposed breakwater at
Kaumalapau Harbor, Hawaii. Experiments were performed on the same model used
for the physical harbor model experiments. Scale was based on size availability of
model armor units, the capabilities of the available wave generator to produce
required wave heights at the modeled water depth, and necessary size to also
conduct three-dimensional harbor model experiments.

Because the specific weights of water and armor layer material differed between
the model and prototype, the transference equation of Hudson (1975) was used to
determine the model scale that most closely represented prototype weights for the
core-locs available at WES:

CANENCAMOAE
W), @), \ 1,

(17)

S, - 1]°
@), -1

in which the subscripts m and p refer to model and prototype quantities, respec-
tively, and /,/1, is the linear scale of the model.

'Written by Ernest R. Smith.
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A 1:49 scale, (y,),

= 2,320 kg/m® (145 Ib/ft®), and model core-loc weights of

150 and 220 g used in Equation 17 yielded prototype weights of 18.1 and

31.4 tonnes (20 and 34.6 tons), respectively,

and were used as primary armor layer

W, (Figures 55 and 56). Time relations were scaled according to Froude Model

Law (btcvens et. al. 1942

), and modei-to-prototype reiations were derived in terms
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Figure 56. Cross section of Station 2 +00
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Scale effects of viscous forces associated with flow through the underlayer and
core of the proposed breakwater were addressed using the method of Keulegan
(1973) to assure that flow through the model structure was turbulent. Stone weights
of 18.6 10 29.0 g, 0.68 to 2.3 g, and 29.0 to 60.0 g with a specific gravity of
approximately 2.68 represented prototype sizes of 3.1 to 4.8 tonnes (3.4 to
5.3 tons), 0.5 to 68 kg (1 to 150 1b), and 4.8 to 10.0 tonnes (5.3 to 11.0 tons) for
underlayer stone W,, core material #,, and armor cap stone, W, respectively.
Model underlayer, core material, and armor cap stone remained the same for all
three-dimensional stability plans, and are listed in Figures 55 and 56 with corre-
sponding prototype sizes.

Model construction

The proposed breakwater was constructed on the existing structure at a crest
elevation of +6.1 m (+20 ft) mllw and a crown width of 6.1 m (20 ft). The new
breakwater consisted of an armor layer, an underlayer, and, where necessary, a core.
Typical cross sections of the breakwater are shown in Figures 55 and 56 at
Stations 0+00 and 2+00, respectively. It was necessary in certain locations to
excavate material from the existing breakwater to place the armor layer and
underlayer. This excavated material was used as a base near the end of the pro-
posed structure. Core material was added only in locations where it was required to
raise the elevation of the existing breakwater to the bottom elevation of the
underlayer.

Construction of the model breakwater simulated prototype construction as
closely as possible. The core and underlayer material were dumped by shovel,
smoothed to grade, and compacted with hand trowels to simulate consolidation that
would have occurred due to wave action.

The armor layer was comprised of either 18.1-tonne or 31.4-tonne (20- or
34.6-ton) core-locs placed on a 1V to 1.5H slope. Core-locs extended to -10.7 m
(-35 ft) mllw on the sea side of the structure, and extended into the existing break-
water profile on the harbor side one armor unit height. Core-loc armor units were
placed in a single armor layer using a selective random placement described by
Melby and Turk (1995). The first row of core-locs were aligned with vertical flukes
abutting the adjacent units (Figure 57). The second-row units were placed in a
manner that the flukes overlapped the waist portion of the first-row units (Fig-
ure 57). Units above these were placed in a random fashion with the exception that
no unit was placed on the slope with vertical flukes directly above a unit also placed
with vertical flukes (Figure 58). Basic two-dimensional research experiments with
core-locs have shown that two units placed atop each other (both with flukes
oriented vertically) do not interlock well and can create a weakness in the armor
layer.

The number of core-loc units placed on the breakwater, or density of units, was
based on the equation:

N_, 73
—=¢V (18)
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Figure 58. Placement of core-locs
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where N is the number of units in a given area A, V is the armor unit volume, and
¢ is the packing density coefficient, which is dependent upon armor layer thickness
and armor layer porosity. Armor layer thickness is equal to about 0.92 of the
respective core-loc leg length and the average armor layer porosity is about

60 percent.
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A rib cap was placed at the crown of the structure to an elevation of +6.1 m
(20 ft) ml]w It was assumed that the rib cap would be stable in the prototype;
therefore, it was not necessary that the cap be dynamically similar to the prototype.
The model rib cap, constructed of wood, was geometrically similar to the prototype
and was anchored in the model, thus ensuring proper transmission, reflection, and
dissipation of wave energy and the assumed stability of the structure. Individual
ribs were 0.9-m (3-ft) wide, 1.5-m (5-ft) high, 6.1-m (20-ft) long, and spaced 1.8 m
(6 ft) on centers. The ribs were oriented at a 90-deg angle to the longitudinal axis of
the breakwater. The rib cap included 0.6-m- (2-ft-) wide runners placed 1.5 m (5 ft)
on center from the rib ends (Figure 59). POD desired to use a rounded rib cap end
at the 'breakwater head; however previous experiments with rib caps indicated that a
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Figure 59. Dimensions of rib cap
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Study facilities and equipment

The basin used for physical model harbor response experiments also was used to
conduct the stability study. Stability experiments were performed from two wave
directions; 221 and 251 deg referenced to north which were selected based on the
direction of the highest waves approaching the harbor. The head of the proposed
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Wave conditions studied from the 221- and 251-deg directions are given in
Table 33, which lists the wave periods used during the stability study, zero-moment
deepwater wave height H,, zero-moment wave height at the wave generator depth
of 29 m (95 ft) mllw H’, average zero-moment wave height at the structure H,, and
duration of each wave series in model seconds. The design wave was specified in a
reconnaissance report as a 9.8-sec, 8.5-m (28-ft) deepwater wave (USAED,
Honolulu 1993). To determine a factor of safety for the structure, waves exceeding
the design height were generated for 9.8- and 12-sec periods. Wave heights
associated with 16-sec periods from the 221- and 251-deg directions are low in
magnitude; therefore, waves up to H,= 8.5 m (28 ft) were generated for 16-sec
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Study procedures

Photographs were taken of the harbor side, head, and sea side before the
experiment was initiated without water in the basin. Following before-experiment
photographs, the basin was flooded to +1.5 m mllw and the structure was exposed
to 9.8-sec, 3.0-m (10-ft) waves. The low-level series allowed settling and nesting of
the newly constructed section which would occur under typical daily wave
conditions prior to being exposed to a design level storm. The remainder of the
storm conditions for the particular direction were generated upon completion of the
low-level waves. Response of the structure was recorded during and after each
wave condition. A detailed inspection of the structure was performed between wave
series, and effects of the waves on individual units, toe stability, and the general

. . 9 .

) DA e S P PRI S
I1C DAdSIT WdS UIdinca upoil ¢

cr
(€]
[}
=
[72]
a
<
(¢}
o 3
[¢]

(o9
)
3

[=]

Chapter 10 Three-Dimensional Stability Study



Tabie 33
Kaumaiapau Stability Study Conditions
Duration
T, H, H H, (221 deg) H, (261 deg) sec
sec imi (it} m (it} m (i) i {1 {model)
9.8 3.6 (11.8) 3.0(10.0) 3.2(10.5) 3.0(10.0) 880
9.8 5.5 (18.0) 4.6 15.0) 4.8 (15.7) 44(144) 880
9.8 7.3{24.0) 6.1 {20.0) 6.4(21.0) 5.8(19.4) 880
9.8 8.5' (28.0) 7.2 (23.6) 7.5(24.7) 6.9 (22.6) 880
9.8 9.1 (30.0) 7.6 (25.0) 8.3(27.3) 7.3 (24.0) 880
9.8 9.9 (32.5) 8.3 (27.2) 8.7 (28.5) 8.0 (26.2) 880
12.0 55(18.0) 46(15.0) 43 {(14.1) 43{(14.1) 880
12.0 7.3 (24.0) 6.1 (20.0) 5.8 (13.0) 5.7 (18.7) 880
12.0 8.5 (28.0) 7.2 (23.6) 6.8 (22.3) 6.7 (22.0) 880
12.0 9.1 (30.0) 7.6 (25.0) 7.3(24.7) 7.2 (23.6) 880
120 10.8 (35.4) 8.1 (30.0) 8.6 {28.2) 8.5(28.0) 880
16.0 4.9 (16.0) 4.6 (15.0) 3.9(12.8) 45 (14.8) 880
16.0 6.6 (21.7) 6.1 (20.0) 52(17.1) 6.0 (19.7) 880
16.0 8.5 (28.0) 7.9 (26.0) 6.7 (22.0) 7.7 (25.3) 880
Note:
H, - deepwater zero-moment wave height
iH' - zero-moment wave height at wave generator depth (85 ft prototype)
H, - average zero-moment wave height at structure
! Desigin wave height determined by Pacific Ocean Division.
Visual specuons were made during and after wave action on the structure.
tative re were taken for overtopping, and the wave height and category of

€ nci
of maior) were noted for each wav

A PR I (e Avnts
UvVCIWwUppIE \I11VUL, 11IUUCL 'atc, 1 H1QjUL )] wulv 1iowCa 101 Cai

Results from the harbor model experiments indicated that the dogleg breakwater
configuration, Plan 4, was the more desirable plan; therefore, all stability experi-
ments were conducted with the dogleg configuration.

Nine different stability plans were studied which differed by armor unit weight,
armor placement density, and toe protection schemes. The foliowing paragraphs

summarize each plan studied. Uniess otherwise specified, wave heights are referred
fo as wave height at the structure
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Plan 4

Plan 4 armor consisted of all 18.1-tonne (20-ton) core-locs (Photos B1 through
B3). Experiments were initiated with a low-level (9.8-sec, 3.2-m (10.5-ft)) wave
spcctra Irom tne /,zi -deg direction for a model aurauo of 880 sec to aliow settung
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Photo B4) However the rcmamder of the breakwater was stable with no umts dis-
placed for the conditions studied (Photos B5 and B6). The damaged area is located
in shallow water on a reef. The alignment of the breakwater with the underwater
bathymetry of the reef causes wave energy to converge at the base of the structure,
and incident waves from deeper water break in this region.

Plan 4A

The damaged area was repaired and additional 18.1-tonne (20-ton) core-locs
were piaced on the seca sidc at the shoreward end of the structure The 18 i-tonne
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To provide additional armor in the problem area, 18.1-tonne (20-ton) core-locs
were placed farther offshore for Plan 4B to provide a wider armor area and gentler
slope (Photo B8). Experiments of Plan 4B were initiated with 9.8-sec, 4.8-m
(15.8-ft) waves, which displaced six units. The wider toe area was not sufficient to
stabilize the shoreward end, and was damaged after 9.8-sec, 6.4-m (21.0-ft) waves
(Photo B9). It appeared from Plan 4B experiments that the toe was in a region of
high energy, and units above the toe were not displaced directly by wave energy, but
by toe failure.

Plan 4C
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Plan 4D

To protect the toe units on the sea side at the shoreward end, a 15.2-m-long
0 -ft-long) spur of 18.1-tonne (20-ton) core-locs was constructed perpendicular to
e reahwa[er Plan 4D (Photo B12). The spur was destroyed, and the toe of
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To stabilize the toe in the problem area, a strip of sheet metal was placed in front
of the toe units on the reef, Plan 4E, to simulate a toe trench in prototype
(Photo B14). The sheet metal toe strip originated at the shoreward end of the
structure and extended down the reef for an overall length of 41.1 m (135 ft),
prototype. Plan 4E was subjected to the series of 9.8-sec waves listed in Table 33.
The 18.1-tonne (20-ton) core-locs in the vicinity of the toe trench were stable;

however, three units were displaced off the breakwater head during 7.5-m (24.7-ft)
waves. The breakwater was subjected to 12-sec, 4.3- and 5.8-m (14.2- and 19.0-ft)
ssimsiAas mwnAd 12 . 20 1 &N __ /170 A d 1T N O\ R QP I LS
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B17), and experiments were conducted for 9.8-sec waves up to 7. 5 ( 4 7 ft). The
overall condition of the breakwater was good, but the head was damaged; four core-
locs were displaced off the head near the crown and the underlayer and stone
beneath the rib cap was exposed (Photos B18 through B20). Experiments of
Plan 4E continued with 12-sec waves up to 6.8 m (22.3 ft). The head deteriorated
further, but no additional displacement of units occurred and the breakwater con-
dition was good (Photos B21 through B23). The plan was subjected to 16-sec waves
for all heights shown in Table 10-1. Four additional units were displaced on the sea
side of the structure during 5.2-m (17.1-ft) waves, and five additional units were
displaced on the sea side during 6.7-m (22.0-ft) waves (Photos B24 through B26).
Plan 4E was then subjected to 9.8-sec, 8.7-m (28.7-ft) waves, and the head was

™ AanN

severely damaged (Photos B27 through B29).

Plan 4F

The breakwater head was rebuilt using 18.1-tonne (20-ton) core-locs and a
denser placement, ¢ = 0.63, and experiments were conducted for all 9.8-sec waves
Units on the head began to settle during the design wave, but no core-locs were
displaced off the structure. One corc-lo was displaced during 8.7-m (28.5-ft)
waves. The entire structure was rebuilt using the denser placement of units
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(Photos B30 through B32). Stability experiments of Plan 4F were conducted for all
periods up to H, = 8.5 m (28.0 ft). Two units were displaced for 9.8-sec waves at
the design wave height, H,= 7.5 m (24.7 ft) (Photos B33 through B35). No further
displacement occurred during 12-sec waves, but units were observed to move on the
head (Photos B36 through B38). One additional core-loc was displaced during
16-sec, 3.9-m (12.8-ft) waves, but no dispiacement occurred for 5.2-m (17.1-ft)
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S for 9.8-sec, 8.3-m (27.3-ft) waves, but four units w ) ft
head for 12-sec, 7.3-m (23.8-ft) waves. The 9.8-sec, 8.7-m (28.5-ft) wave condition
removed six additional units off the head, and the 12-sec, 8.6-m (28.3-ft) wave

severely damaged the harbor side of the structure (Photos B42 through B44).

\
[
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Plan 4G
Stability experiments of the breakwater - i ous0
continued from the 221-deg wave direction ]‘
vzlfh Pl@ 4G Yvhich_constisft.ed oﬂf }? l-tO{lne r"- o+00
(g?-ton? ?orf:-locs Placed' (= Uﬂb}.) on the sea- \ \I\\ \
side and harbor-side trunks and 31.4-tonne \ T\ \
(34.6-ton) units placed (¢ = 0.62) on the head \ I v\
of the structure (Figure 60, Photos B45 through \ ™ “M[ \\\ : a \
B47). Plan 4G was subjected to the conditions X 22
listed in Table 33 for 9.8- and 12.0-sec waves \ 55 AW 2%, \
upto H,=8.5m (28.0 ft), and 16.0-sec waves W3] e :“\/\
up to H, = 6.6 m (21.6 ft). Wave hindcast data \F'X'\J‘/’ "ﬁ\ \\F' 7 \
indicated that waves associated with the VOIS \
16.0-sec period from the 221-deg direction did Vol NN\ \
not approach deepwater heights of the magni- \ 1 N )
tude of 8.5 m (28.0 ft); therefore, this condition \L,AA 3200 A le/}f:ce /
was excluded from further stability experiments N cor®
from the 22 1-deg direction. The structure was A\/
not damaged for the conditions described above oreen Buoy

(Photos B48 through B50). Waves were
generated for heights greater than H, = 8.5 m
(28 ft). Two 31.4-tonne (34.6-ton) core-locs
were displaced off the head for 9.8-sec, 8.7-m
(28.5-1t) waves (Photos B51 and B52). The harbor side of the breakwater was
severely damaged for 12-sec, 8.6-m (28.2-ft) waves (Photos B51 and B52), but the
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To determine if the harbor side could be stabilized, 31 4-tonne (34 .6-ton) core-
locs were placed (¢ = 0.62) on both the head and the trunk of the harbor side
(Figure 61, Photos B54 and B55). Due to the lack of an adequate number of
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31.4-tonne (34.6-ton) model core-locs, the — T o B
breakwater sea side was constructed (¢ = '
0.62) using 18.1-tonne (20-ton) core-locs rsu 0+00
(Photo B56). The structure was subjected to \f\ \ \
ali 221-deg wave conditions listed in \ \lu\ \ \
Table 33 with the exception of 16.0-sec,
€ T (D) DD wravae Thean 21 A tanna \ A sann f\ \ TN ‘*w\
V. /=111 (L4L.V-1LY) avid 11HCC O 1. 4-lullIv tadihs
(34.6-ton) core-locs were displaced off the \ 2.3 AW
SNo)
harbor side during 12-sec, 8.6-m (28.2-ft) \ s BN \
> . -
waves, but the breakwater was in stable ®
o LB N
condition (Photos B57 through B59) \N,,,\?Ls&aé\\\ s \\\
sih w3t

The wave generator was moved to the \ I \\L\\ PR \
251-deg wave direction. Plan 4H was rebuilt \ I Y ]
using ¢ = 0.62 (Photos B60 through B62) N gt
and subjected to 9.8- and 12.0-sec waves up R ™/
to the design wave height listed in Table 33, N P
H,=6.9and 6.7 m (22.6 and 22.0 ft) ®)
respectively, and 16.0-sec waves up to H,; = reen oy

6.0 m (19.7 ft). One 18.1-tonne (20-ton)
core-loc was displaced on the sea side near Figure 61. Plan 4H
the toe trench during 9.8-sec, 6.9-m (22.6-

waves, but the breakwater was stable (Photos B63 through B65). Experiments
continued with 9.8-sec waves up to 8.0 m (26.2 ft) and 12-sec waves up to 8.5 m
(28.0 ft) (Table 33). The structure was stable for the conditions studied; however,
five 18.1-tonne (20-ton) units were displaced on the sea side and one 31.4-tonne
(34.6-ton) core-loc was displaced on the harbor side (Photos B66 through B68)
The breakwater was subjected to the 16.0-sec, 7.7-m (25.3-ft) wave (Table 33)
without rebuilding, and no further damage occurred (Photos B69 through B71).

Plan 4H was rebuilt (¢ = 0.62) and stability experiments were conducted for 9.8-
and 12.0-sec waves up to H, = 8.5 m (28.0 ft), and 16.0-sec waves up to H,= 6.6 m
(21.7 ft), and no damage was observed (Photos B72 through B74). The structure
remained stable when subjected to waves exceeding the design height for 9.8-sec
and 12.0-sec waves (Table 33), and the 16.0-sec wave at the design height

(Photos B75 through B77).
Summary

Nine stability plans were studied for the proposed dogleg breakwater. It was
determined that

a. A toe trench at the shoreward end on the sea side of the breakwater was
necessary to obtain stability. The trench had an overall length of approxi-
mately 41.1 m (135 ft), prototype.

-—h

——h
—h
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b. Densely placed (¢=0.63) 18.1-tonne (20-ton) core-locs were stable for the
design wave conditions, but failed for wave heights exceeding the design

conditions.

v

~
W o

lace one size unit on the entire structure

0

to
(34.6-ton) units would be required to cover an area than 18.1-tonne (20-ton) units.
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11 Conclusions and
Recommendations’

Field data were collected to validate physical and numerical models and assess
hindcast data. A numerical model study was used to assist in optimizing the
placement of field wave gauges, maximize efficiency of physical model experi-
ments by identifying the most promising modification plans and most damaging
incident wave directions, and to evaluate harbor oscillation characteristics of the
proposed plan. An undistorted, three-dimensional physical model of Kaumalapau
Harbor was used to evaiuate harbor response to short period waves for existing

1o

reakwater pldns respec
O

Amtiaanirn tha catalalls

PSP 4. ‘A..
ULZC UIC bld.Ul ly

PR T

ctively, for three inci de‘
1 n

S

the proposed breakwat

bUlIbIUbIUIIb

a. For existing conditions, the area just west of the west end of the wharf is

sxgnmcantly sheitered. Wave nelgnts in this area can be expectea to be

less than half the incident nelgm for most incident conditions.

L MTha ssiractarn anmd ~AF tha sohasf 1o alen ralativalyy chaltarad i Anmnarad ¢~
U. LIHIC WEOOICLLL Tl U1 UIC wildll 1D 4idU 1Ciau Uly SLICIICICU 11 LuilipalTu W
tha middla and sactarn nart af tha wharf for mnot wava narindg for
W€ Miadu ana asiril part 01 uiC wildri 10r oSt wave perioas Ior
existing conditions
eXisung congiuoens.
c. The longest wave (swell) periods, especially those from the northwesterly

incident directions, are amplified at the mlddle and western part of the
wharf but not at the eastern part for existing conditions. This result is
interesting in light of local reports that high northerly swell can cause
problems in Kaumalapau Harbor.

"Written by Edward F. Thompson, Lori L. Hadley, Gordon S. Harkins, and Ernest R. Smith.
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d. For existing conditions, harbor response varies considerably with incident
wave direction.

e. A 45.7-m (150-ft) straight extension to the existing breakwater will
reduce short-period wind wave heights at the wharf to about 60 to
80 percent of those in the existing harbor.

S The 45.7-m (150-ft) dogleg breakwater extension is slightly more effec-
tive than the straight breakwater for reducing short-period wave action at
the pier and for this reason is the recommended plan.

g. Neither the straight nor the dogleg extension met short-period wave
reduction criteria established by POD. Further wave reduction could be
accomplished but the breakwater would not meet the navigational criteria
and economic constraints.

h.  Although the dogleg plan is prone to stronger oscillations than the existing
harbor, the differences will have little operational significance. Wind
waves and swell can be expected to continue as a primary operational
concern which will probably outweigh any practical problems due to
increased long-period oscillations.

i.  Wave absorbers along the northeast or south shores of the embayment
have minimal impact on wave heights at the pier.

Nine stability plans were studied using the dogleg breakwater configuration.
Based on model experiments, it was determined that:

a. A toe trench at the shoreward end on the sea side of the breakwater was
necessary to obtain armor stability. The trench had an overall length of
approximately 41.1 m (135 ft), prototype.

b. Densely placed (¢=0.63) 18.1-tonne (20-ton) core-locs were stable for
design wave conditions, but failed for wave heights exceeding the design
conditions.

c. A heavier core-loc, 31.4 tonnes (34.6 tons), placed on the head and
harbor side (¢=0.62), was found to be stable for wave heights exceeding
the design condition from the 221- and 251-deg wave directions.

d. It may be desirable to place one size unit on the entire structure to reduce
costs of constructing an additional armor unit form. Additionally, less
armor units would be required for placement if the breakwater rehabilita-
tion was constructed entirely of the larger unit. Therefore it is recom-
mended that, if the breakwater is constructed using one unit, 31.4-tonne
(34.6-ton) core-locs be placed using ¢=0.62.
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Im{$} Imaginary part of ¢
K, Stability coefficient
K,
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Reflection coefficient of a solid boundary, refraction coefficient

K, ...: Reflection coefficient of a solid boundary

K, Shoaling coefficient

/ Length scaie

L Wavelength

l,/l, Linear scale of the model

L, Deepwater wave length

L, Wavelength for waves at peak frequency

m Model quantity (subscript)

n Unit normal vector directed into the solid region
N Number of units in a given area

N, Normalized transmission coefficient

N, umber of HARBD computational wave periods for spectral approximation
)4 Prototype quantity (subscript)

r Radial polar coordinate, m (ft)

Re{}} Real part of ¢
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Specific gravity of an individual armor unit relative to the water in which it

is placed, S, = 7./7,

Spectral energy density at frequency, f;

Peak spectral wave period, sec

Horizontal velocity components, m/sec (ft/sec)
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Specific weight of an individual armor unit
Specific weight of water

Element size

Significant wave steepness

Wave phase

Angle of structure slope measured from horizontal in degrees
Wave number

Complex bottom friction factor

Velocity potential; packing density coefficient
Velocity potential of the scattered wave
Anguiar wave frequency, radians

Horizontal gradient operator
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